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CHAPTER ONE 
INTRODUCTION 
1.1 Prologue 
N-hydroxy-a-amino acid derivatives 1 have been found ubiquitously in nature as metabolites 
in primitive organisms, plants and even in man(fig. 1). 
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fig. 1 
Occurrence 
For example, mycelianamide 2 has been isolated from Pénicillium griseofulvum1. In this 
molecule derivatives of N-hydroxylated alanine and tyrosine are to be seen. In hadacidine 3, 
isolated from Pénicillium frequentans2, N-hydroxy-glycine can be recognized, and 
N-hydroxy-aspartic acid is part of the L-a-aspartyl-L-a-N-hydroxyaspartyl-D-cycloserme 4, found 
in Corynebacterium kutscheri3 (fig. 2). Naturally occurring peptides and other compounds 
containing N-hydroxy-amino acid residues often display physiologically activity. For example, the 
previously mentioned hadacidine is capable of inhibiting the growth of malignant cells2. 
Biosynthesis 
Though the psysiological role of this kind of metabolites is not fully understood, there is 
evidence that naturally occurring N-hydroxy-amino acids 6 play a role in the metabolism of protein 
amino acids 5 5'8. Moreover, it has been postulated4·5 that they might form a central precursor for a 
variety of other compounds like non-protein amino acids as depicted in scheme 1. The latter might 
have chemosynthetic as well as biosynthetic implications. This scheme implies the 
N-hydroxylation of either the amino group of an amino acid or the amide bond of a peptide. 
The process of in vivo N-hydroxylation of amines in general - in particular of aromatic 
amines - has been amply documented6. N-hydroxylation of amides has been reported also. For 
example, N-hydroxylation of p-chloro-acetanilide 13 yielding the hydroxamate 14 is accomplished 
by the action of hamster liver microsomes7 (scheme 2). 
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As far as endogenic amino acids are concerned, much effort has been made to reveal in vivo 
processes for their conversion into the corresponding N-hydroxy-amino acids8. It has been 
demonstrated that in the biosynthesis of the cyanogenic glucoside dhurrin9,10 16, found in the 
seedlings of Sorghum bicolor (L.) Moench, N-hydroxy-tyrosine 15 is involved(scheme 3). 
In the biosynthesis of hadacidin 3, strong indications point at the intermediacy of 
N-hydroxy-glycinc: administration to a culture of Pénicillium aurantto-violaceum of 
N-hydroxy-glycine led to incorporation of the latter into hadacidin 311. 
However, research in this domain is hampered severely by the lability of free 
N-hydroxy-a-amino acids12 and the lack of adequate methods for their detection4. 
1.2 Chemistry 
Unprotected N-hydroxy amino acids are unstable, except when kept as a solid. In solution, 
Chapter 1 3 
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the stability of N-hydroxy-a-amino acids is pH dependent; if the pH exceeds 3, aqueous solutions 
of N-hydroxy-a-amino acids will decompose. The most important decomposition route proceeds 
via oxidation of 17 into 18, brought about by molecular oxygen, followed by decarboxylation8 
yielding the aldoxim 20(scheme 4). Another route involves a disproportionation reaction14 which 
occurs during reflux under an nitrogen atmosphere. The reaction gives rise to the formation of one 
molecule of the corresponding amino acid 19 and one molecule of the aldoxim 20. Both routes are 
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very likely to proceed via the intermediate nitroso compound 18, which is prone to further 
discomposition15 yielding the aldoxim 20(scheme 4). 
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1.3 Introduction to the chapters 
For the synthesis of optically pure N-hydroxy peptides, optically pure N-hydroxy-amino acid 
derivatives are needed. The synthesis of the latter class of compounds is subject of this thesis. 
Though several syntheses of N-hydroxy amino acids or derivatives thereof have been reported4, 
only few deal with the preparation of optically active N-hydroxy-amino acid derivatives. So, there 
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is still a need to seek for reliable methods to prepare these compounds in a optically pure state. We 
investigated three, principally different routes to obtain the desired compounds (scheme 5): 
a) substitution of optically active a-functionalized carboxylic 
esters by hydroxylamine derivatives, 
b) oxidation of α-amino acid derivatives, 
c) enzymatic resolution of racemic N-hydroxy-a-amino acid derivatives. 
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The first route (a), which will be discussed in chapter 2, makes use of a SN2 reaction 
employing optically pure, triflated α-hydroxy carboxylic eslcrs, (R)- or (5)-22 and benzyloxyamine 
to yield (5)- or (Ä)-23, respectively(scheme 6). 
Most often only one of the enantiomers (R)- or (5)-21 is readily available. We observed that 
α-hydroxy esters 21 can be converted easily into their optical antipodes by making use of the 
intermediacy of the inflates 22. This inversion of α-hydroxy carboxylic esters 21 via 22 is 
described in chapter 3. 
The second route(route b) involves the oxidation of derivatives of α-amino acid N-methyl 
amides 24 to yield 27(scheme 7). This approach seems to be a trivial one. One has to realize, 
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however, that oxidation of the primary amino group of an amino acid or a derivative thereof leads 
to overoxidized products. This challenge was met by the preparation of the cyclic derivatives 25 of 
which we observed that it can be oxidized to the corresponding N-hydroxy compounds 26. 
Hydrolysis of compound 26 yields the N-hydroxy amino acid N-methyl-amide 27. This reaction 
sequence is discussed in chapter 4. 
The third route (c) deals with the resolution of racemic N-(0-benzyl)-hydroxy-a-amino acid 
ethyl esters 28 by the employment of hydrolytic enzymes(scheme 8). The results of these studies 
are reported in chapter 5. 
We feel that none of these three routes is a generally applicable approach for the title 
compounds. Each route has his own limitation, depending mainly on the nature of the side chain of 
the amino acid studied. For instance, it is to be expected that N-hydroxy-cysteine 30 and 
N-hydroxy-tryptophane 31 are not accessible via the oxidation method b since this will lead to 
oxidation of the sulfur atom of the cystein side chain and of the indole nucleus of the tryptophan 
side chain(fig. 3). For these amino acids one has to rely on the other methods mentioned. 
An inherent limitation of method a is that when nucleophilic groups are present in triflate 22, 
these may lead to intramolecular displacement reactions of the triflate moiety. This phenomenon is 
discussed in more detail in chapter 2. The success of enzymatic resolution of substrates 28(method 
c) seems to be dependent - amongst others - on the bulkiness of the side chain R. 
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The three approaches yield derivatives of N-hydroxy amino acids rather than the free 
N-hydroxy-amino acids 1 themselves. We have paid no attention to the conversion of these 
derivatives into their parent counterparts, mainly for two reasons. N-hydroxy amino acids are 
inherently labile. Furthermore they cannot be used as such in a reaction sequence, whereas the 
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derivatives we prepared are well suited to be employed as properly protected building blocks. 
Derivatives like N-(0-benzyl)hydroxy amino acids 29 are quite suited to be employed in the 
synthesis of N-hydroxy peptides4. 
1.4 Epilogue 
Upon completion of our efforts that resulted in this thesis two groups reported the synthesis 
of homochiral N-hydroxy-a-amino acids. 
Oppolzer et о/13 described the diastereoselective introduction of the hydroxylamine moiety 
into a homochiral carboxylic acid amide derivative 32(scheme 8). The chiral auxilliary is a sultam. 
One of the features of this approach is the elegant employment of a masked hydroxylamine 
equivalent, i.e. 1-nitroso-1-chloro-cyclohexane. 
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34 
scheme 8 
Danishefsky16 et al addressed recently the challenge of introducing hydroxylamine moieties 
in equatorial positions of sugars by means of direct oxidation of the corresponding amines. They 
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observed that 2,2-dimethyldioxirane will oxidize amines to hydroxylamines without further 
oxidation to the nitro compounds, a notorious side reaction that has hampered so far the application 
of direct oxidation of primary amines to the preparation of the title compounds. Moreover, these 
authors report the direct oxidation of the methyl esters of L-phenylalanine and L-valine to the 
corresponding N-hydroxy amino acid esters 36 without racemisation in 54 and 82% yield 
respectivcly(scheme 9). 
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This remarkable process is likely to have impact on 
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the oxidation of amines in general. 
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CHAPTER TWO 
SUBSTITUTION OF a-FUNCTIONAUZED CARBOXYUC ACID ESTERS BY 
HYDROXYLAMINE AND ITS DERIVAOVES 
2.1 introduction 
The objective of this chapter is to report the synthesis of homochiral N-hydroxy-a-amino 
acid derivatives by means of SN2 substitution reactions. This implies several possibilities, but we 
chose for the following type of substitution reaction(scheme 1). 
π R 
О OR" О 
R· - H, CHjPti 
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scheme 1 
In this scheme, a-functionalized carboxylic acid esters 1 act as the substrates to be 
substituted. The functionality X has to be displaced by nucleophiles such as hydroxylamine or 
benzyloxyamine. Therefore the leaving group has to be "adjusted" to the nucleophilicity of the 
incoming group. Another condition which has to be met is that the stereochemical course of the 
reaction should be of a SN2 type reaction in order to avoid racemization. 
A study by Effenberger1 on the behaviour of compounds 1 towards substitutions with 
benzylamine shows how reactivity and racemization depend on the choice of X. 
Firstly, derivatives of propionic acid ethyl ester were investigated (scheme 2). The tnflate(3, 
X=OTf) appeared to be the most reactive substrate towards substitution, followed by X = Br, OMs 
and OTos, whereas the chloro derivative of 3 shows a very low reactivity. The triflate reacts 
quantitatively at 0oC within half an hour while the other compounds need elevated temperatures 
and many hours of reaction time( 100-250 hrs) to give the product in yields ranging from 20 to 70%. 
Secondly, Effenberger1 investigated the stereochemical course of the substitutions by 
employing as the nucleophile a homochiral amine(scheme 3). In this reaction only one 
diastereomer 7 will be formed when the substitution is a pure inversion reaction. As in the 
reactivity studies(scheme 2), the triflate derivative of 5(X=OTf) appeared to be the best substrate; 
the reaction proceeded with almost complete inversion and in quantitative chemical yield. In the 
case of the mesylate(X=OMs) and the bromide(X=Br) lower diastereoselectivities were achieved 
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and by-products were detected. In the case of the mesylate(X=OMs) the observed partial 
epimerizalion at C
a
 may be due to enolization of the ester moiety induced by the basic amine; a 
similar phenomenon has been encountered in the racemizalion of a-propionoxy-lactic acid ethyl 
ester under the influence of cesium propionate2. 
When a halogen is used as the leaving group, the nucleophilicity of the halide-ion released by 
the incoming nucleophile may cause racemizalion. It is known3 that ions like Br and Г are capable 
of racemizing α-bromo and α-iodo carboxylic esters, respectively. 
Furthermore, it is imaginable that on dissociation of a negatively charged leaving group an 
achiral flat cation remains which after recombination with the nucleophile inevitably will yield the 
racemic modification. In general, this process is not very probable as the cation is destabilized by 
the ester moiety. However, when R is a strongly cation stabilizing aryl residue this mechanism 
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gains in importance. 
Another menace which may affect the stereochemical path of the reaction is α,β-elimination 
when ß-protons arc present in the substrate. 
The reactions discussed above are summarized in scheme 4. 
α,β-elim. 
- \ I V S N 1 ^ 
Nu 
О 
SN2 Nu' 
t 
α,β-elim. 
I 
C+ ^OR' 
'ìf 
О 
Kr 
(partial) 
racemate 
scheme 4 
The syntheses of optically active derivatives of N-hydroxy-a-amino acids via substitution 
reactions reported so far make use of α-bromo carboxylic acids4·5 or a-tosyloxy esters6. The 
nucleophilic species used in the reactions with the α-bromo carboxylic acids were hydroxylamine, 
benzyloxyamine and benzaldehydoxim. The last nucleophile furnished the corresponding nitrone 
which could be hydrolyzed to the N-hydroxy-a-amino acid6a. The tosylate of malic acid diethyl 
ester was brought into reaction with benzyloxyamine to yield the corresponding 
(O-benzyl)-N-hydroxya-amino acid ester6. Though some of the chemical yields of these reactions 
were satisfying, the optical yields did not exceed 80%. These results are in accordance with the 
findings of Effenberger described above; bromides and tosylates 5 are not suited to be employed in 
a proper SN2 reaction. Consequently, it was concluded by us that a better leaving group such as the 
triflate has to be used under the conditions employed. 
Therefore, in order to obtain optically pure N-hydroxy-a-amino carboxylic acid derivatives, 
triflates of α-hydroxy carboxylic acid esters were chosen for substitution by the nucleophile 
benzyloxyamine(scheme 5). Nevertheless, as most of the naturally occurring and commercially 
available, optically active α-hydroxy esters possess the (5)-configuration7, this choice implies that 
mainly (fl)-O-benzyl-hydroxylamino esters become accessible by this approach. Meanwhile, this 
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shortcoming has been solved by the development of a convenient method for the interconversion of 
(/?) and (S)-a-hydroxy acid esters 8(see chapter 3). It employs the previously mentioned triflates 
and enables the preparation of (S)- as well as (Ä)-O-benzyl-N-hydroxy-a-amino acid esters 10. The 
procedures are summarized in scheme 5. 
(S)-e 
(R)-e 
TfO 
(S)-9 
OR' 
(R)-9 
H-N 
OCH, Pt! 
H-N 
(S)-10 
OR' 
scheme 5 
2.2 Results 
Substitution of triflates 
One advantage of the use of triflates 9 for the preparation of O-benzyl-hydroxylamino acid 
esters 10(scheme 6) was that high reaction temperatures which might induce racemization could be 
avoided; reaction temperatures between -78 and 0 0C lead to excellent chemical as well as optical 
yields(see table 1). The reaction time was reduced to about half an hour. Another advantage is that 
triflates 9 could be generated in situ and needed not to be isolated. 
In our first experiments 8 was converted into 10 in a one pot reaction using pyridine as a 
base, a procedure that was accompanied by low yields. When the intermediate triflate 9 was 
isolated and subsequently brought into reaction with benzyloxyamine, almost quantitative 
conversions(based on the triflate) were achieved. Apparently, the procedure for the formation of the 
triflate had to be improved. The use of 2,6-lutidine instead of pyridine solved this problem and 
gave excellent yields(ca 85%). A possible explanation is that pyridine is rather nucleophylic and 
therefore capable of displacing the triflate moiety, yielding the "Menschutkin" product3. Steric 
hindrance due to the two ortho methyl groups prevents lutidine from acting as a nucleophile. 
The overall chemical yields of the conversions 8 -* 10 and the corresponding optical yields 
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are given in table 1. 
OCH-Ph l l PhCH2ONH2 2  
(S)-e (S)-9 (R)-10 
a Me, Ь CH2Ph, e СН2СН(СНз)2, d СН2СООСНз, β Ph 
scheme 6 
Table 1. One-pot conversion of 8 to 10 via 9 
yield(%) 
product 
(Ä)-10a 
(Ä)-10b 
(Ä)-10c 
(Λ)-10α 
(5)-10еа 
Κ­
ΕΙ 
Me 
Me 
Me 
Me 
R 
CHj 
CH2Ph 
СН2СН(СНз)2 
СН2СООСНз 
Ph 
chemical 
89 
84 
78 
88 
88 
optical 
100 
100 
100 
95 
75 
) (Ä)-8e was used as the starting material 
Substitution of the triflate moiety of mandelic acid methyl ester 8e to yield lOe proceeds with 
only 50% optical yield when dichloromethane is used as solvent. By addition of hexane to the 
reaction mixture the optical yield was raised to 75%. Probably, the more polar solvent induces a 
shift from a SN2 to a SN1 pathway or causes the previously mentioned base-induced formation of 
an enolate structure2(schemc 4). In both these rationalizations stabilization of the proposed 
intermediates can be furnished by the phenyl group. Another effect of the phenyl group is 
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demonstrated by the observation that trillate 9e decomposes at room temperature whereas triflate 
9a can be distilled, an operation which causes considerable racemization however1 "(vide infra). 
The reactions of the triflates 9f and 9g(scheme 7) with benzyloxyamine deserve further 
comment. The desired compounds lOf and 10g could only be isolated in low yields. We arc 
inclined to ascribe these low yields to side reactions due to intramolecular nucleophilic 
displacements involving the indole nucleus of 9f and the bromine substituent of 9g. In favour of 
this rationalization is the observation that the formation of lOf was accompanied by the occurrence 
of a compound to which we tentatively assigned structure ЮГ. 
тю 
9g 
OEt 
OEI 
PhCHjONHg 
-Br 
JkT .OEt 
0 РНСН2ОМНг oCHjPh 
10g 101' 
scheme 7 
When 9a is prepared in situ and - without isolation - is allowed to react with unprotected 
hydroxylamine, the N-hydroxy- alanine ethyl ester ll(scheme 8) is isolated in 80% chemical yield 
and 100% optical yield. However, when this substitution is carried out with 9a, previously isolated 
and purified by distillation, the optical yield amounts to 50% only. Apparently, distillation of 9a 
causes a high degree of racemization13. 
Reaction of (S)-9a with (Ä)-N-hydroxy-alanine ethyl ester 11 gave (/?^?)-12(scheme 8) in 
good yield(88%); 12 is the di-ethyl ester of the optical antipode of the natural product amavidine8. 
We have also studied the reaction of α-hydroxy esters 8 with N-protected benzyloxyamine 
derivatives. Reaction of 13b with 8a(scheme 9) gave 15 in 37% yield only, whereas this variation 
of the Mitsunobu reaction did not give the desired product but 14 instead when 13a was employed. 
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A reaction related to the latter one has been reported for primary alcohols9. 
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The stereochemistry of IS has not been investigated; because of the low chemical yields we 
abandoned this method10. 
High Pressure experiments. 
In the rapidly developing field of high pressure chemistry11 several promising results in 
substitution reactions have been reported12. An example concerning a reaction which proceeds very 
sluggishly under atmospheric pressure conditions is given in scheme 10. Although ammonia is a 
poor nucleophile, the reaction proceeds in excellent chemical(>95%) as well as optical yield(100%) 
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at 6 kBar. 
The driving force in reactions passing under high pressure conditions is the negative volume 
of activation 4V*. In general, a negative volume of activation11 is displayed in the following 
reaction types: 
a) reactions in which the number of molecules decreases; e.g. cycloadditions, condensations, 
b) reactions which proceed via cyclic transition states; e.g. Claisen and Cope rearrangements, 
c) reactions which take place through dipolar transition states; e.g. the Menschutkin reaction, 
aromatic substitution, 
d) reactions with steric hindrance. 
As has been shown in the previous paragraph, bromides, mesylates and tosylates(scheme 3) 
turned out to be poor alkylating agents under the conditions employed. Therefore, we decided to 
reinvestigate their alkylating properties under high pressure conditions. The reaction studied is 
presented in scheme 11 and the results are given in table 2. 
R 
K*" 
Τ 
0 
18(Х=ОТоз) 
19(X-Br) 
PhCH2ONH2 
12 Kbar 
MeCN 
R 
OCH2Ph || 
0 
(R)-10 
„OR' 
a: Me; b: R=CH2Ph; d: CHjK^Me; h: R=CH2OH 
scheme 11 
The tosylatcs 18a and 18b were converted within 16 hrs into the corresponding 
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Table 2. Conversion of 18 and 19 into 10 according to scheme 11 
yield 
substrate R X R' chemical optical product 
18a 
18b 
18d 
19h 
19b 
Me 
CH2Ph 
CH2COOR' 
CH2OH 
CH2Ph 
TosO 
TosO 
TosO 
Br 
Br 
Et 
Me 
Me 
Et 
Me 
76a(60b) 
40" 
10c 
50b 
65" 
100 
97 
n.d. 
n.d.# 
29 
10a 
10b 
lOd 
10h 
10b 
n.d.: not determined. # ): [a]D20+8.80(c 1.5, CHCI3). Reaction time: 18a,b,d: 16 hrs; 19Ъ,Ь: 70 hrs. 
Temperature:a): 50,b): RT,c).· 35 0C 
benzyloxyaminoderivatives 10 in moderate to good yields. By raising the temperature to 50 0C, the 
chemical yield of 10a increased from 60 to 76% whereas the optical yield(100%) was not affected. 
A side-reaction might be the aminolysis of the ester moiety, which should proceed faster with the 
methyl ester than with the ethyl ester. This might account for the low chemical yields of 10b and 
lOd, the latter having two methyl ester groups. The optical yields of 10a and 10b were excellent 
bearing in mind the low diastereoselectivities displayed at atmospheric pressure by the reactions 
done by EffcnbergerHscheme 3). 
Also the bromides 19h and 19b reacted, though slowly(70 hours) and in moderate chemical 
yields. The bromides were prepared from the corresponding amino acids. Therefore the low optical 
yield of 10b prepared via 19b is probably due to the optical impurity of the latter and to 
bromide-exchange in the conversion of 19b into 10b(scheme 4). The same will apply to the 
reaction 19h —» 10h. So, the measured specific rotation of the latter probably corresponds to an 
optically impure product. 
Conclusion 
Triflates of α-hydroxy esters, i.e. 9, are good substrates for the preparation of 
O-benzyl-a-hydroxylamino esters 10. The reactions proceed in high chemical and optical yields. 
When O-unprotected hydroxylamine derivatives are used in combination with 9, N-alkylation takes 
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place. The high reactivity of 9 precludes their usefulness for the preparation of 10 having 
nucleophiles in the side chain, sec for instance 9f and 9g. Under atmospheric pressure the tosylates 
18(table 2) are not suited for substitution by benzyloxyamine. However, moderate to efficient 
conversions and high optical yields are achieved when high pressure is employed. 
For the synthesis of the triflates 9 the choice of the base is of importance. In our hands 
2,6-lutidine was the base of choice. This method has been followed by others who employed the 
triflates in reactions with other nucleophiles, e.g. hydrazides13 and alkylcuprates14. 
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2.3 Experimental part 
'H-NMR spectra were measured on a Bruker WH-90 spectrometer. Infra red spectra were 
measured on a Perkin Elmer 298 spectrometer. Mass spectra were obtained with a double focussing 
VG 7070E spectrometer. Optical rotations were taken on a Perkin Elmer 241 Polarimeter. 
Thin-layer chromatography(TLC) was carried out by using Merck precoated silicagel F-254 
plates(thickness 0.25 mm). 
General procedure for the preparation of the triflates 9 
Trifluoromethanesulphonic acid anhydride(3.3 mmol) was added at once to a stirred solution of 8 
(3 mmol) in dry CH2C12 (10 ml) which was kept at either -780C(acetone/C02) or 0oC (ice/water) 
and under an argon atmosphcre(-780C: 9b, 9d, 9e. CC: 9a, 9c). After five minutes, lutidine(369 
mg, 3.45 mmol) was added in one portion to the reaction mixture which was stirred for another five 
minutes. Then the N-hydroxycompound was addcd(vi¿te infra). 
General procedure for the preparation of the O-benzvl-q-hydroxylamino-acid esters 10 
To the freshly prepared tritiate 9, a solution of O-benzylhydroxylamine (738 mg, 6 mmol)(víde 
infra) in dry CHjC^S ml) was added dropwise, under stirring. Subsequently, the cooling bath was 
removed. When the mixture has reached room temperature, stirring was continued for 25 minutes. 
The reaction mixture was concentrated in vacuo and the residual oil was subjected to flash column 
chromatography(silicagel, Merck H60, eluent ether/hexane). Ether/hexane = 20/80: 10a, 10b, lOe. 
Ether/hexane = 15/85:10c. Ether/hexane = 30/70: lOd. 
Specific rotations of lOa-e: 
10a: [a]20D+51.7(c 1.5, CHC13); 10b: [a]20D+18.9(c 1, CHCI3); 10c: [a]2V50.4(c 1.5, CHCI3); 
lOd: [a]2Vl9.5(c 1, CHCI3); lOe: [а]200+55.6(с 1, CHCl·,). 
O-benzyl-hydroxylamine was liberated from its hydrochloride salt by addition of one 
equivalent of triethylamine lo a solution of one equivalent of the hydrochloride salt in MeOH. Then 
the solvent was removed in vacuo. The residue was extracted twice with ether. The combined 
ethereal fractions were concentrated in vacuo, after which the residue was subjected to vacuum 
destination (0.5 mm Hg, 50 0C) to yield O-benzylhydroxylamine which was homogeneous by 
^-NMR and TLC. 
The optical purity of compounds 10 was determined by reduction (Pd/C, MeOH, H2, 1 atm.) to the 
corresponding α-amino esters, which were purified by column chromatography(Merck silicagel 
H60, eluent 2% MeOH in CH2CI2). Treatment of the α-amino ester with an ethereal HCl solution 
afforded the corresponding hydrochlorides 19, which were not recrystallized in order to prevent 
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enrichment of one enantiomer. The optical purities were calculated by comparing their specific 
rotations with those of the pure hydrochlorides 20 derived from the corresponding L-(5)-amino 
acids. 
Specific rotations of hydrochlorides 19 and 20: 
(R)-19a [a]20D-2.58(c 2, EtOH); 
(Л)-19Ь [a]20D-37.8(c 2, EtOH); 
(Ä)-19c [a]20D-24.5(c0.5,EtOH); (Ä)-19d [a]20D- 14.7(c 2, MeOH); (5)-19e [a]2OD+101.2(c i.MeOH); 
(S)-20a 
(S)-20b 
(5)-20c 
(S)-20d 
(5)-20€ 
[a]20D+2.55(c 3, EtOH) 
[a]20D+37.9(c 2, EtOH) 
[aJ20D+24-3(c0.5, EtOH) 
[a]20D+15.5(c 2, MeOH) 
[a]2 0 D+1 3 5-2( c l .M eOH) 
lOf/ІОГ: 
The preparation of lOf was carried out at -780C on 1 mmol scale (8f). Following the general 
procedure, the residual oil obtained after evaporation of the solvent was subjected to flash column 
chromatography(silicagel, Merck H60, eluent ether/hexane 1/4), yielding two fractions which were 
not completely homogenous by TLC. 
Fraction 1 contains lOf: 1^0.26(1% MeOH/CH2Cl2), yield about 20%. 
Fraction 2 contains presumably ЮГ: Ε,=0.15(1% MeOH/CHjClj), yield about 15%. 
IQg: 
The preparation of lOg was carried out at -780C on 1 mmol scale (8g). Following the general 
procedure, the residual oil obtained after evaporation of the solvent was subjected to flash column 
chromatography(silicagel, Merck H60, EtOAc/hexane 1/9). 10g was isolated in 20 % yield, 
К(=0.29(ЕЮАс/Ьехапе 1/9). 
(J?)-N-hvdroxv-alanine ethyl ester 11 
230 mg(10 mmol) of Na was reacted with 20 ml of dry MeOH. After the sodium has dissolved 
completely, 695 mg(10 mmol) of NH2OH.HCI was added, and the mixture was stirred until neutral 
pH(addition of more NHjOH.HCl may be necessary). The solution was filtered and cooled to 
-780C(acetone/dry ice). Under an argon atmosphere, freshly prepared 9a(2 mmol) in 8 ml of dry 
CH2CI2 was added dropwise to the cooled solution. After the reaction mixture has reached room 
temperature, the solvent was evaporated and the residue subjected to flash column 
chromatography(silicagel Merck H60, 3% MeOH/CH2Cl2) to yield 11 in 80% yield. 11 was 
acetylated to the hydroxamate 11' having [a] D 2 0 -55.9(c 1, CHCI3) which corresponds to an optical 
purity of 100%. The reference compound 11' was prepared from optically pure 10a and acetyl 
chloride yielding the O-benzyl derivative of 11'. The latter was reduced by H^d-C/MeOH, giving 
optically pure 11' having [a] 2 0 D -55.0(c 1, CHC13). 
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N-hydroxv-a.q'-iminodipropionic acid diethyl ester 12 
To a cooled(-780C, acetone/dry ice) solution of 532 mg(4 mmol) of (Ä)-N-hydroxy alanine ethyl 
ester 11 in 6 ml of dry CH2CI2 under an argon atmosphere, 2 mmol of freshly prepared 9a in 
CH2CI2 was added dropwise. After the reaction mixture has reached room temperature, the solvent 
was evaporated and the residue subjected to flash column chromatography(silicagel Merck H60, 
2% МеОН/СНгСІг). Compound 12 was isolated in 88% yield; only one diastereomer could be 
detected by ^-NMR. [a] 2 0 D -7.6(c 2, CHCI3). 
a-(a'-benzvloximino ethoxv)-propionic acid methyl ester 14 
To a cooled(ice/water) solution of 1.05 g(4 mmol) of triphenylphosphine in 10 ml of dry 
tetrahydrofuran, 808 mg(4 mmol) of diisopropylazodicarboxylate (DIAD) was added under an 
argon atmosphere. After stirring for 30 minutes a solution of 660 mg(4 mmol) of 
N-acetyl-O-benzyl-hydroxylamine 13a and 208 mg(2 mmol)15 of (5)-methyl lactate in 5 ml of dry 
tetrahydrofuran was added dropwise to the cooled solution. After the reaction mixture has reached 
room temperature the solvent was evaporated, and the residue subjected to flash column 
chromatography (silicagel Merck H60, EtOAc/hexane 15/85). Yield: 24%. 
N-benzyloxv-N-benzyloxvcarbonyl-alanine ethyl ester 15 
The same procedure was followed as for the preparation of 14, except for the use of diethyl 
azodicarboxylate(DEAD) instead of DIAD and of (5)-ethyl lactate 8a' instead of the methyl ester. 
Flash column chromatography was done with silicagel Merck H60, elulion with EtOAc/hexane 1/9. 
Yield: 37%. 
High pressure experiments 
The tosylates 18a, 18b and 18d used as starting materials were synthesized in almost quantitative 
yield from the corresponding α-hydroxy carboxylic acid esters and tosyl chloride in dry pyridine 
containing a catalytic amount of DM AP. 
The ot-bromo-carboxylic esters 19h and 19b were prepared from the corresponding acids by 
esterification16 in EtOH and MeOH(catalytic amount of TosOH), respectively. The 
ot-bromo-carboxylic acids on their tum were obtained by diazotization of serine17 and 
ß-phenylalanine16, respectively. 
General procedure: 
In a Teflon high pressure container 2 mmol of a substrate 18 or 19 and 4 mmol of benzyloxyamine 
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were dissolved in 7.5 ml of acetonitril. Subsequently the closed container was subjected to a 
pressure of 12 kbar. After t hours(see table 2) the container was taken from the high pressure 
apparatus. The reaction mixture, in which a white precipitate had been formed, was concentrated in 
vacuo. The residue was triturated with diethylether, the precipitate removed by filtration and the 
filtrate concentrated in vacuo, leaving a residue which was subjected to flash 
chromatography(silicagel Merck H60), eluent: 
10a(from 18a): ether/hexanc 20/80; 10b(from 18b): ether/hexane 15/85; 10d(from 18d): 
ether/hexane 30/70, a second chromatography was needed with CH2CI2 as the eluent; 10h(from 
19h): 2% MeOH/CH2Cl2; 10b(from 19b): ether/hexane 15/85. 
Specific rotations: 
Conversion: 18a — 10a, 10a: [a]20n+52.0(c 1.6, CHCI3). 
Conversion: 18b ->· 10b, 10b: [а]2 1 8 - 3 ( с 1-0' CHCÎ3). 
Conversion: 19h — 10h, 10h: [a]20D+8-8(c ^5 · CHCl·,). 
Conversion: 19b — 10b, 10b: [a]20D+5-5(c 1.0, CHCI3). 
To evaluate the optical purities(table 2) the optical rotations were compared to the specific 
rotations of the optical pure compounds 10a and 10b(scc the results of the conversion 8 —» 9 —» 
10). 
Spectroscopic data and elemental analyses 
10a: 'H-NMRCCDClj): δ 1.20(d, 3H, CH3CH), 1.27(t, 3H, OCtì2CH3), 3.68(2q, IH, CH3CH, 
superimposed), 4.22(q, 2H, OCHjCfy), 4.71(s, 2H, OCH2Ph), 5.94(d, IH, NH), 7.34(s, 5H, Ph); 
IRtneat, cm1): 3270(111), 1730(s); MS(CI): 224(M++1, 30), 150(11), 119(10), 107(13). 91(100), 
79(18), 57(18); elem. anal. С12Н17МОз(%): cale. С, 64.55; Η, 7.67; Ν, 6.27; found С, 64.10; Η, 
7.56; Ν, 6.22. 
10b: ^-NMRtCDClj): δ 2.91(d, 2Η, CHCH2Ph), 3.70(s, ЗН, COOCH3), 3.73-4.04(m, IH, 
CHCH2Ph), 4.71 (s, 2H, OCH2Ph), 5.94(d, IH, NH). 7.08-7.42(m, 5H, CHCH^Ph), 7.34(s, 5H, Ph); 
IR(neat, cm"1): 3270(m), 1735(s); MS(CI): 286(M++1, 33), 226(12), 194(13), 119(12), 91(100); 
elem. anal. С 1 7Н 1 9Шз(%): cale. C, 71.56 ; H, 6.71; N, 4.91; found С, 70.99; H, 6.73; Ν, 4.61. 
10c: 1H-NMR(CDCl3): δ 0.89(2d, 6H, СН2СН(СНз)2), 1.23-1.88(m, ЗН, СН2СН(СНз)2), 3.67(t, 
IH, CHCOCXZHj), 3.77(s, 3H, COOCH3), 4.71(s, 2H. OCH2Ph), 5.91(broad, IH, NH), 7.34(s, 5H, 
Ph); IR(neat, cm"1): 3260(w), 1740(s); MS(CI): 252(M++1, 100), 234(14), 192(18), 178(10), 
91(66); elem. anal. Сі4Н21Ж)з(%): cale. C, 66.91; H. 8.42; N, 5.57; found С, 66.93; H, 8.52; Ν, 
5.55. 
lOd: 1H-NMR(CDCl3): δ 2.69 and 2.82(8 lines, ABX, 2H, JM=7.8 Hz, Jbx=5.6 Hz, Jab=16.2 Hz, 
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CH2CH), 3.69 and 3.77(2s, 6H, СООСНз(2х)), 4.04(4 lines, ABX, IH, Jax+ Jb!l=13.4 Hz, CH2CH), 
4.70(s, 2H, OCH2Ph), 6.22 (d, IH, NH), 7.34(s. 5H, Ph); IR(neat, cm 1): 3270(w), 1735(s); MS(CI): 
268(M++1. 27), 208(8), 128(19), 91(100); elem. anal. СізН17М05(%): cale. С, 58.42; H, 6.41; Ν, 
5.24; found С, 58.53; Η, 6.40; Ν, 5.20; see reference 18. 
10e: ^-ММЬКСОСІз): δ 3.74(s, ЗН, СООСН3), 4.69(d, IH. CH), 4.74(s, 2H, OCH2), 6.16(d. IH, 
NH), 7.29(s. 5H. CHPh), 7.34(s, 5H, O C H ^ ) ; IR(ncat. cm'1): 3270(s), 1740(s); MS(CI): 
272(M++1, 22), 212(38), 164(32), 149(18), 104(27), 91(100); elem. anal. С16Н17ЫОз(%): cale. С, 
70.83; Η, 6.32; Ν, 5.16; found С, 70.55; Η, 6.32; Ν, 5.13. 
ЮГ: 'Н-ММІЦСОСІз): see reference 18. 
ЮГ: 'H-NMRÍCDClj): δ 1.20(t, 2H, ОСН2СНз), 3.34 and 3.65(8 lines, ABX, 2H, J a x= 6.8 Hz, 
Jb x= 8.3 Hz, Jab= 30.5 Hz, indole C(3)CHCH2), 4.15(q, 2H, ОСН2СНз), 4.36(4 lines, ABX, IH, 
J„+ Jb x= 14.8 Hz, indole C(3)CHCH2), 4.7l(s, IH, OCH2Ph), 5.4-6.1(broad s, IH, NH), 7.10(d, 
IH. indole C(2)H), 7.30(s, 5H, ОСНгРЬ, 7.0-7.8(m. 4H. indole C(4)-C(7) H), 8.13(broad s, IH, 
indole NH) 
MS(CI, m/z): 339(M++1,70), 232(12), 216(35), 203(100), 174(23), 130(41), 91(62). 
lOg: 'H-NMRiCDClj): δ 1.29(t, ЗН, ОСН2СНз), 3.66(3 lines, AB part of ABX, 2H, CHCH2), 
3.89(4 lines, X part of ABX, ! „ + Jbjl= 10.8 Hz, IH, CHCH2), 4.24(q, 2H, ОСН2СНз), 4.73(s, 2H, 
OCH2Ph), 6.2(broad s, IH, NH), 7.33(s, 5H, ОСНгРЬ) 
MS(CI, m/z): 304(M++1, 10), 302(M++1,10), 222(17), 176(19). 119(14), 91(100). 
lOh: 'H-NMRtCDC^): δ 1.28(t, ЗН, ОСН2СНз), 2.16(t broad, IH, CH2OH). 
3.52-4.00(CHCH2OH, 3H), 4.22(q, 2H. ОСН2СНз), 4.70(s, 2H, CH2Ph), 6.22(s broad, IH, NH), 
7.33(s, 5H, Ph). 
11: 'H-NMRiCDC^): δ 1.26(d, ЗН, CHCH3), 1.3 l(t. ЗН, ОСН2СНз). 3.71(q, IH, CHCH3), 4.23(q, 
2H, ОСН2СНз), 4.7-5.5(broad, 2H, NHOH)· IR(neat, cm"1): 3430(s), 3270(s), 1730(s). MS(CI, 
m/z): 134(M++1, 18), 88(5), 60(74), 41(100). Elem. anal.: C s ^ N C ^ W : cale: С 45.10, Η 8.33, Ν 
10.52. Found: С 45.20, Η 8.31, Ν 10.44. 
12: 'H-NMRÍCDClj): δ 1.29(t, 6Η, ОСН2СНз(2х)), 1.36(d, 6Н, СНСНз(2х)), 3.73(q, 2Н, 
СНСНз(2х)), 4.22(q, 4Н. ОСН2СНз(2х)), 5.80(s, IH, NOH). IR(neat, cm 1): 3455(s), 1725(s). 
MS(CI, m/z): 234(M++1, 100), 216(3), 188(3), 160(37). Elem. anal.: C10H,9NO5: cale: С 51.49. Η 
8.21, Ν 6.00. Found: С 51.24, Η 8.35, Ν 5.94. 
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14: ^-NMRíCDC^): δ 1.48(d. ЗН, CHCHj), 1.88(s, ЗН, NCCHj), 3.61(s, ЗН, OCHj), 4.87(s, 2H, 
PhCH2), 5.U(q, IH. CHCHj), 7.25(s, 5H, Ph). IR(ncat, cm 1 ' : 1750(s), 1650(s). MS(CI, m/z): 
252(M++1, 58), 119(8), 105(9), 91(100). 
15: 'H-NMRÍCDClj): δ 1.19(t, ЗН, ОСН2СНз), 1.44(d, 2H, CHOl·,), 4.13(4, 2H, OCHjCHj), 
4.69(q, IH, CHCH3), 4.92(d, 2H, COOCH2Ph), 5.23(d, 2H, NOCH2Ph). 7.32 and 7.38(2 s, Ph(2x)). 
IR(neat, cm"1): 1700-1750(s), 1655(m). MS(CI, m/z): 358(M++1, 11), 314(42), 181(21), 91(100). 
Acknowledgement: We thank dr. J.W. Scheeren for letting us use the high pressure apparatus 
needed for the experiments described. 
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CHAPTER THREE 
INTERCONVERSION OF (R)- AND (S)-a-HYDROXY CARBOXYUC ACID ESTERS 
3.1 Introduction 
As stated in chapter two, most of the available, optically active α-hydroxy esters 1 possess 
the (S)-configuraüon. Consequently, the SN2 substitution as depicted in scheme 1 yields N-hydroxy 
amino acid derivatives 3 possessing the unnatural (R) configuration. 
HO > | ^ * · ТЮ > f ^ *" H 
5 lutane " PhCH2ONH2 
О О ' О 
(S)-1 (S)-2 (R)-3 
la R-Me; lb-R-CH2Pfi. 1c Р=СНгСН(СНз)г, Id Р-СН2СООСНз; 1β· R.Ph 
la R'-CHjPh, ІЬ-β R-Me 
scheme 1 
So, there is a challenge to convert (5)-l into (R)-l. Although the inversion of secondary 
alcohols has received much attention19, only a few reports deal with the inversion of α-hydroxy 
esters. These reports describe the nitrate-2 and cesium carboxylate-9 mediated inversions of 
sulfonates(OTos, OMs) of α-hydroxy esters(scheme 2). 
However, these methods do not fulfil our needs. The drawback of the nitrate- mediated 
inversion2 is the necessity of a reduction step after the inversion reaction, a step which lowers the 
chemical yield. Moreover, the overall optical yield does not exceed 78% for substrate la. The 
"cesium carboxylate"9 inversion yields no enantiomeric excess at all in the case of le. 
The method of choice for the conversion of (5)-l into (Ä)-l appeared to be a reaction with 
DMF(scheme 3). This reaction was discovered by us by serendipity. Some of the nucleophiles 
mentioned in chapter two did not dissolve in C^Clj . Consequently, DMF was studied as the 
solvent. However, when the triflates 2 were dissolved in DMF, a reaction occurred in which the 
solvent acted as the nucleophile yielding 9. Subsequently, this observation was studied into some 
detail. 
When the triflate (5)-2 is employed, the reaction proceeds at room temperature and yields the 
formate 9 of the inverted ester] Transesterificalion conditions give the corresponding alcohol (Ä)-l. 
The mechanism of this nucleophilic displacement reaction (scheme 3) must be similar to that 
reported for the solvolysis of sulphonylates by the same nucleophile1011. 
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3.2 Results 
Two procedures were studied. In one of them(method A) the formates 9 were isolated prior to 
alcoholysis yielding (R)-l. The overall chemical yields were acceptable(47-71%) and the optical 
yields excellent(91-100%)(table 1). Method В involves a one pot procedure. Now the chemical 
yields increased significantly(23-45%) whereas in most cases a slight drop(l-6%) in the optical 
yield was observed. 
We were particularly pleased to observe that the inversion of the triflate (Ä)-2e to yield (S)-le 
proceeds with 95%(method B) optical yield. The cesium carboxylate inversion9 yields no e.e. when 
2e is employed and substitution of 2e by O-benzyl-hydroxylamine proceeds with only 76% optical 
yield(chapter 2, table 1). This might be rationalised as follows. The in chapter 2 mentioned, base 
induced enolization of 2e(scheme 4, chapter 2) is nearly absent in the presence of DMF, being a 
weaker base than O-benzyl-hydroxylamine. 
Table 1. Interconversion of (R) and (5)-l via 9 
yield(%) 
product R' 
chemical 
meth.A/Ba 
47/92 
71/94 
49/85 
65/93 
66/95 
optical 
meth.A/Ba 
96/95 
99/93(99b) 
96/94 
100/98 
91/95 
9 
67 
81 
65 
85 
80 
(Л)-1а CHj CH2 
(Ä)-lb CH2Ph Me 
(Ä)-lc СН2СН(СНз)2 Me 
(fl)-ld СН2СООСНз Me 
(5)-lec Ph Me 
W-lf 
он о 
-/35 -/94d 
Temperature at which triflates 2 were generated: 
la,c,d,: T=0oC, lb,e,f: T=-780C.a): meth.A/B: A: with isolation formate, fi: 
without isolation formate. b): after crystallization from CH2Cl2/hexane.c): (Ä)-
le was used as the starting compound. d): inversion yield, the starting material 
was not optically pure. 
Though not being an α-hydroxy ester, (S)-ß-hydroxy butyric acid ethyl ester If was also 
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subjected to procedure В for inversion The inverted ß-hydroxy ester was isolated with a high(94%) 
inversion yield but in a low chemical yield(35%). We consider this result noteworthy as 
O-sulphonylated ß-hydroxy esters are prone to α,β-elimination2 We anticipate that the chemical 
yield may be improved considerably when the corresponding benzyl ester of If is employed, the 
high volatility of the ethyl ester If causes problems of practical nature during the work-up 
p-Nitrobenzylesters of α-hydroxy carboxylic acids cannot be used When the inflate of the 
p-mtrobenzyl ester of (S)-lactic acid was used complete racemization took place At first we 
reasoned that this might be due to the nucleophihc nature of the nitro group which was expected to 
be capable of displacing the inflate moiety In order to examine this raüonahzation, the inflate 2a 
was brought into contact with p-nitroamsol pnor to the addition of DMF(scheme 4) 
тю 
(S)-2a 
OMe 
,Ph 
1)15 
2)DMF 
3)H* EtOH 
л°-
-Ph 
(R)-1a 
о у 71% 
scheme 4 
The isolated product (Ä)-la still displayed an optical purity of 71%, indicating that the 
above-given rationale cannot completely account for the complete and rapid racemization of the 
p-mtrobenzylester of la. We now propose that this racemization is due an enolization-equilibnum 
as depicted in scheme 5. 
тю 
тю 
10 11 
scheme 5 
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In fact, this would be an intramolecular, base induced enolization of the triflate. No further 
attempts were made to elucidate the mechanism of this racemization. 
Finally, we have studied whether the triflates 2 in scheme 1 can be replaced by other 
O-activated α-hydroxy esters. The results of these investigations are summarized in table 2. Using 
tosylates or mesylates, the reaction temperature had to be increased to ca. 100oC for the reaction to 
occur. However, under these conditions the optical- or chemical yields, or both, were low. 
Table 2. Inversion reaction of mesylates and tosylates of (5)-l with DMF 
yield(%) 
product/ 
activation 
R' 
(R)-íáfMs CH2COOMe Me 
(Ä)-ld/Ms CH2COOMe Me 
(5)-le/Ms Ph Me 
(Ä)-lg/Tos Me Et 
(Ä)-ld/Tos CH2C(X)Me Me 
days) 
1 
2 
1 
6 
2 
chem.(9) 
14 
20 
69 
21 
0b 
opt((Ä)-l) 
89 
92 
18a 
4 
42 
T=100oC. a): (S)-le, the mesylate of (Я)-1е was used. b): 9 could 
not be isolated; spontaneous transesterification occurs to (R)-l in 13% yield. 
In an attempt to cpimerise 17ß-testosterone 12, no corresponding formate 13 could be 
detected(scheme 6). No attempts were made to characterize the resulting product, presumably the 
result of an methyl shift accompanied by an elimination reaction. 
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2) DMF 
12 13 
Conclusion: 
scheme 6 
Substitution of triflates 2 by DMF and subsequent removal of the formyl moiety offers an 
elegant method to invert ot-hydroxy esters 1. Mesylates and tosy lates derived from 1 are not suited 
to undergo substitution by DMF; only low chemical as well as optical yields are achieved. 
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3.3 Experimental part: 
'H-NMR spectra were measured on a Bruker WH-90 spectrometer. Infra red spectra were 
measured on a Perkin Elmer 298 spectrometer. Mass spectra were obtained with a double focussing 
VG 7070E spectrometer. Optical rotations were taken on a Perkin Elmer 241 Polarimeter. 
Thin-layer chromatography(TLC) was carried out by using Merck precoated silicagel F-254 
plates(thickness 0.25 mm). 
General procedure for the preparation of the triflates 2 
Trifluoromethanesulphonic acid anhydride(3.3 mmol) is added at once to a stirred solution of 1 (3 
mmol) in dry СЩС^ (10 ml) which is kept at either -780C(acetone/C02) or 0oC (ice/water)(see 
table 1 for the temperature of the inversion reactions) and under an argon atmosphere. After five 
minutes, lutidine(369 mg, 3.45 mmol) is added in one portion to the reaction mixture which is 
stirred for another five minutes. Then the hydroxycompound is added(vide infra). 
General procedure for the conversion of ffl-l into (Я)-1 via (R)-9 
To a fresly prepared solution of triflate 2, Ν,Ν-dimethylformamide (1 ml) is added dropwise. 
Subsequently, the cooling bath is removed. When the reaction mixture has reached room 
temperature, stirring is continued for another 15 minutes. The reaction mixture is concentrated in 
vacuo to remove the excess DMF. 
Method Afwith isolation of formate 9) 
The residual oil which is obtained after evaporation of the solvents is subjected to flash column 
chromatography (silicagel Merck H60, CH2CI2) to yield (Л)-9 as an oily product. Formate (R)-9 
(1.5 mmol) is solved in MeOH (10 ml) which contains about 20 mg of p-toluenesulphonic acid. 
This solution is stirred at room temperature for one hour(10 minutes in the case of (Л)-9а, to avoid 
transesterification of the benzyl ester). The solution is concentrated in vacuo, and the residue 
subjected to column chromatography(silicagel Merck H60, eluent: la,f: EtOAc/hexane 1/3; lb,c,d: 
1% MeOH/CH2Cl2; le: CHjClj). The product is distilled in vaci<o(Kugelrohr) to yield (Ä)-l as an 
oily product 
[a]20D (c 2, CHCI3) values of the starting compounds 1: 
(S)-la (S)-lb (S)-lc (S)-ld (Ä)-le (S)-lf 
-13.5 -7.2 +42.4a +20.4a -171 +31.5 
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a) measured at 365 nm(Hg) 
[a] 2 0 D (с 2, CHCI3) values of the compounds 1 after the inversion reaction (R)-la (R)-lb (R)-lc (R)-ld (S)-le (R)-lf 
+ 13 0 +7 1 -40 7a -214a +156 
a) measured at 365 nm(Hg) 
Method Bfwithout isolation of formate 9) 
The residual oil is dissolved in MeOH (20 ml) containing about 40 mg of p-toluenesulphonic acid 
Stirring is continued at room temperature for one hour (10 minutes in the case of (Ä)-9a> to avoid 
transestenfication of the benzyl ester) The reaction mixture is concentrated m vacuo, and the 
resulting oil is subjected to flash column chromatographyisihcagel, Merck H60, eluent see method 
A) The product is distilled (Kugelrohr) to yield (R)-l as an oily product Compound lb can be 
crystallized from CHjC^/hexane, which increases the optical purity from 93% to 99% 
[a]20D (c 2, CHCI3) values of the compounds 1 after the inversion reaction 
(R)-la (R)-lb (R)-lc (R)-ld (S)-le (R)-lf 
+12 8 +6 7(7 1)a -39 8b -20 0b +162 -29 6 
a) crystallized from CHjC^/hexane b) measured at 365 nm(Hg) 
Racemisatxon experiment of 2a with p-mtro-anisol 
The compound (S)-2a was prepared(v<de supia) from 143 mg(0 78 mmol) of (SHa, 282 mg(l 0 
mmol) of Tf20 and 118 mg(l 0 mmol) of lutidine After 15' p-nitro-anisol(153 mg, 1 0 mmol) was 
added in one portion Stirring was continued for another 15' after which 1 ml of DMF was added 
Subsequently the solution was allowed to reach roomtemperature After 3 hours the solution was 
concentrated in vacuo leaving a residu which was dissolved in 10 ml of MeOH together with a 
catalytic amount of TosOH After 10' the solution was evaporated in vacuo and the residu 
subjected to chromatography (sihcagel Merck H60, EtOAc/hexane 20/80) Compound (Л)-1а was 
isolated in 87% yield with an optical punty of 71%([a]20D-9 6(c 2, CHCI3)) 
Tosylates and mesylates of q-hydroxy esters 1 
The tosylales of lg and Id were synthesized in almost quantitative yields as follows 
15 mmol of 1, 18 mmol of tosylchlondc, and a catalytic amount ot DMAP were dissolved in 10 ml 
of pyndine Stimng was continued for 18 hours at 0ÜC after which the reaction mixture was poured 
on ice The resulting mixture was acidified with 4N H2SO4 to pH 5 and extracted with ether The 
ethereal fraction was washed with brine and dned on MgS04 Filtration and concentration in vacuo 
yielded a compound homogenous by TLC 
The mesylate of Id was prepared as follows 
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10 mmol of ld and 11 mmol of triethylamine were dissolved in 20 ml of ether at 0 0C. Then 11 
mmol of mesylchloride in 5 ml of ether was added dropwise. After the reaction mixture had 
reached room temperature stirring was continued for two hours. Subsequently the ethereal reaction 
mixture was filtered and washed with IN HCl, 0.1 N NaHC03) brine and dried with MgSC^. 
Filtration, concentration in vacuo yielded a residue which was crystallized in 68% yield from 
CfyCyhexane. 
The mesylate of le was prepared in a similar way except for the purification step which was done 
by column chromatography(silicagel Merck H60, eluent 2% MeOH/CfyCy. Yield 61%. 
Inversion reactions with mesylates and tosylates derived from 1 
The tosylate or mesylate of 1(4 mmol) is dissolved in 2 ml of Ν,Ν-dimethylformamide (DMF). The 
solution is kept at 100oC for the time given in table 2. The work up of the reaction mixture is 
identical to the one employed in method A(vide supra). 
Attempted inversion reaction with 17ß-testosterone 12 
The procedure followed was identical for the compounds 1. The reaction was carried out at -780C 
and on a 0.5 mmol scale. The residue was purified by flash chromatography(silicagel H60, eluent 
toluene/EtOAc 6/1); 80 mg of compound 14 -the structure of which was not unraveled- having Rf 
0.48 (toluenc/EtOAc 6/1) was isolated. 
Spectroscopic data and elemental analyses 
(Ä)-9a: 'H-NMRíCDClj): δ 1.53(d, 3H, CH3CH), 5.18(s, 2H, Cf^Ph), 5.27(q, IH, CH3CH), 
7.33(s, 5H, CHjPh), 8.08(8, IH, HC=0). IR(neai, cm1): 1760(s), 1730(s). 
(/?)-9b: 'H-NMRiCDClj): δ 3.13 and 3.23(8 lines, ABX, 2H. JM= 9.3 Hz, J b x= 3.5 Hz, Ja b= 14.1 
Hz, CHCH2Ph), 3.74(s, 3H, COOCH3), 5.35(8 lines, X-part of ABX, IH, J„+ JbX=12.9 Hz), 
CHCH2Ph, J= 0.9 Hz, due to coupling with HC=0 proton), 7.23(s, 5H, CHCHjPh), 8.13(d, IH, 
HC=0, J=0.9 Hz). IR(neat, cm 1): 1750(s), 1725(s). MS(CI, m/z): 209(M++1, 26), 177(9), 
163(100), 149(9), 131(33), 121(79), 91(15). 
(R)-9c: 1H-NMR(CDCl3): δ 0.96(2d. 6H, СН2СН(СНз)2), 1.50-1.99(m, ЗН,СН2СН(СНз)2), 3.76(s, 
3H, COOCH3), 5.Щт, IH, CHCOOCH3), 8.10(s, IH, HC=0). IR(neat, cm 1): 1760(s), 1735(s). 
MS(CI, m/z): 175(M++1, 78), 143(28), 129(16), 115(11), 97(17), 87(32), 69(100). 
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(R)-9d: 1H-NMR(CDCl3): δ 2.94(d, 2H, CH2CH), 3.72 and 3.79(2 χ s, 6H, СООСНз(2х)), 5.61((t, 
IH, CH2CH). 8.09(s. IH, HC=0). IR(neat, cm1): 1740(s). 
(Л)-9е: 'H-NMRÍCDC^): δ 3.74(s, 3H, COOCHj), 6.07(s, IH, CHPh), 7.42(s, 5H, CHPh), 8.18(d, 
IH, J= 0.9 Hz, HC=0). IR(neat, cm 1): 1755(s), 1725(s). 
14: 1H-NMR(CDCl3): δ 0.76-2.69(m, 25H), 5.72(s, IH, CH2COCHC=C). IR(KBr, cm 1): 
2990-2810(5), 1670(s), 1615(m). MS(CI, m/z): 302(15), 284(14), 270(8), 187(70), 144(100), 
115(58). 
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CHAPTER FOUR 
OXIDAWE PREPARATION OF N-HYDROXY-a-AMINO ACID DERIVATIVES 
4.1 Introduction. 
The most direct method to prepare N-hydroxy amino acids 2 should be the straight forward 
hydroxylation of amino acids 1 (scheme 1). This is not a trivial reaction, however, for reasons 
which will be discussed later on. 
PI 
HONH. 
scheme 1 
Let us first discuss the oxidation of simple amines. Most oxidations of primary amines 3 do 
not stop at the stage of a hydroxylamine as the latter product 4 is sensitive to oxidative 
agents(scheme 2). The next stage in this over-oxidation is the nitroso compound 5 which may 
tautomerize to the corresponding oxime 6 when hydrogen is present at the α-carbon atom. 
Compounds 5 and 6 can be converted into the nitro compound 7 by an additional oxidation step. 
Indeed, some good methods have been developed to convert primary amines 3 into nitro 
compounds 7 employing e.g. m-CPBA1 or dimethyldioxirane2. 
F T NH, 
I 
R·^ ^NHOH 
4 
,^ 4 R ^ N O H 
I 
FT NO 
5 
1 
n ' NO, 
t 7 
scheme 2 
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In some cases it has been demonstrated how these over-oxidation reactions can be avoided: 
Psiorz3 subjected compound 8 successfully to a single oxidation step with dibenzoylperoxide to 
yield 9(scheme 3). 
(PhCOO)2, ref 3 
KjCOg/CHCIa 
(ArSC^Olj, rel 4 
• HOS02OAr \ 
• ^ = N H 
10 11 
scheme 3 
Apparently, product 9 is stable against dibenzoylperoxide, neither over-oxidation nor 
elimination takes place. Elimination does occur when the oxidation is performed with 
arylsulphonylperoxide4a. The primary product, an N-arylsulphonyloxy-amine 10 eliminates rapidly 
HOSOjAr to give the corresponding inline 11 So, the leaving ability ol the OSC^Ar moiety is loo 
large to isolate 10 Milewska4 used the method ot Psior/ in the oxidation ol the e-amino group of a 
derivative of lysine 12 which could readily be oxidized to 13 by dibenzoylperoxide(scheme 4). 
As will be discussed(v;<fe mfia), this method has a very limited scope in the oxidative 
preparation of N-hydroxy-a-amino acid derivatives. 
More knowledge6 is available about the mono-oxidation of secondary amines, a more 
straight-foreward reaction For example, Biloski6b described the oxidation ot several dialkylammes 
14 with the aid of dibenzoylperoxide, see scheme 5. As in the case ot 9, the product 15 is 
O-protccted by a benzoylgroup 
Oxidation of teitiaij amines 16 yields the corresponding N-oxides 17, which are stable 
against the oxidative reagents used and are generally obtained in high yield7(scheme 6). 
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4NH, 
't 
Í (PhCOO)2 
CbzN 
Η 
N^COg/CHCIg 
Η • 
O-tBut 
Cb2=benzyloxycaibonyl 
ÇCr 
S'Y O-tBut 
12 13 
scheme 4 
vF ^ (PhCOO)2 R y _ p h N - H • \ / 
/ N — 0 
R ' NaHgPO /^THF / 
R 
14 15 
scheme 5 
N /W [O] 
o' 
I 
N+ 
16 17 
scheme 6 
Most of the features observed in the mono-oxidation of amines are also encountered in 
mono-oxidation of α-amino acids 1. For example, oxidation of 1 by reagents 
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N-bromoacelamide8 or peroxomonosulphate9 yields the aldehyde 20 as the end-product (scheme 7). 
R R 
J - J 
+ C 0 2 +NH3 
19 20 
scheme 7 
The main problem in this type of N-oxidation is that the moiety X introduced on the nitrogen 
atom in 18 is often a group with a reasonably high leaving ability thus enabling the oxidized 
compound to undergo elimination with or without decarboxylation. When decarboxylation has 
been blocked e.g. by employment of an ester of 1, climinalion of НцХ still occurs. 
So, in addition to the difficulties encountered in the direct oxidation of amines, a new 
problem arises in the oxidation of amino acids because of the activated H
a
-atom. Upon completion 
of our efforts towards this thesis, Danishefsky et. af** published the first procedure for a direct 
oxidation of a- amino acid esters to yield the title compound. They observed that 
2,2-dimethyIdioxirane will oxidize amines to hydroxylamines without over-oxidation, a notorious 
side reaction that has hampered so far the application of direct oxidation of primary amines to the 
preparation of the title compounds(scheme 8). These authors report the direct oxidation of the 
methyl esters of L-phenylalanine and L-valine to the corresponding N-hydroxy amino acid esters 
without racemisation in 54 and 82% yield, respectively. This remarkable process is likely to have 
impact on the oxidation of amines in general. Unfortunately, experimental details are still lacking. 
Amino acids bearing a secondary amino group like proline fit into the procedure described in 
scheme 5. Indeed, the reaction paths of schemes 5 and 6 can be applied to other amino acids when 
their primary amino group is converted into a secondary or tertiary amino group. The procedure 
involves then a single or double protection, oxidation and deprotection step as given in scheme 9. 
With regard to the "single protection" route one literature example10 is available. The 
secondary amine 23 was converted directly into the corresponding N-hydroxy compound 
nortryptoquivaline 24, a toxic metabolite isolated from a strain of Aspergillus Clavatus{scheme 10). 
Actually, 23 contains a cyclic derivative of alanine. 
In the oxidation methods reported by Polonsky11 and Nagasawa12, amino acid derivatives 
containing a tertiary amino group are oxidized. The method of Polonsky is a variation of the 
H,N 
or HOOSO, 
H-N 
X 0 
H 
X . Br or OH 18 
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Η,Ν 
OR' 
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Χ 
21 
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OR' 
H-N' 
I 
он о 
22 
scheme 8 
single protection 
prol \ 
oxidation 
prot \ k 
OH 
deprotection 
.*H 
HON Η 
double protection 
R 
„H 
Р Г О
Ч - < ^ 
prot о 
prot = protecting group 
oxidabon 
scheme 9 
R 
pn\ JL"·" ν 
0" 0 
Y=0R1, NR2R3 
i L 
dep rote rcton 
"double protection" route(scheme 9): the ester of an amino acid 21 is condensed with an aromatic 
aldehyde to the corresponding imine 25(schcme 11). Oxidation with m-CPBA gives the oxaziridine 
26. Deprotection with H2NOH.HCI yields the N-hydroxy amino acid ester 22 and the oxime of the 
aromatic aldehyde. 
Another variation of the double protection route is Nagasawa's method which allows 
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23 24 
scheme 10 
Η,Ν 
OR' ""2 H,0 
p-(MeO)PhCHO 
О MeO 
OR' 
21 25 
m-CPBA 
OR' 
H2NOH HCl 
MeO 
HCl 
22 26 
scheme 11 
N-alkylated amino acids to be N-hydroxylated (scheme 12). 
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27 
CHjCHCN 
mCPBA 
28 
MeOH 
он о 
30 29 
scheme 12 
The alkylation(proteclion) oí the secondary amino group of 27 is achieved by 
cyanoethylation yielding compound 28. Subsequent oxidation gives the N-oxide 29. Deprotection 
is achieved by a hctcro-Cope elimination reaction yielding N-hydroxy proline 30. 
In both methods(schcmes 11 and 12) the amino group is transformed into a tertiary amine 
which is oxidized. The protection and oxidation step in both methods proceed in excellent yields, 
but the deprotection step is yield-determining In the synthesis of Polonsky improved by Grundke11 
the yield of the deprotection step averages 50% 
We tried to improve the synthesis of optically active N-hydroxy amino acid derivatives by 
applying another reaction sequence Recently, Boesten et.al n optimized the Polonsky approach by 
using amides instead of esters in the reaction sequence 21 —• 25 —• 26 —> 22 We have applied 
these amides to make linear and cyclic, secondary amine derivatives of amino acids and studied 
their behavior towards oxidation reactions 
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4.2 Results 
Oxidation of primary ammo groups of amino acid esters 
As stated in the introduction, unprotected, primary amines can be mono-oxidized with 
dibenzoylperoxide(scheme 3). This method is attractive as no N-protecting groups are required To 
study whether the method is applicable to amino acid derivatives, the hydrochloride of alanine 
methyl ester 31a was subjected to oxidation with dibenzoylperoxide The products which could be 
isolated were the N-benzoyl amino acid ester 32 and a small amount of the overoxidized product 
33. The formation of the amide 32 can be rationalized by mechanism A depicted in scheme 13. 
path A 
OMe 
О з 1 а ^СОз/СНСІз 
0
 Y 
<• „ A 
H 
OMe 
32 27% 
P h
^ ^
0
^ ^ 
γ ^ Ν ^ γ
0 Μ θ 
Ρίκ о 
path В 
33 1 6% 
- YW"· 
scheme 13 
34 none 
Probably, the expected compound 34 is formed too during the reaction but subsequent 
elimination of PhCOO and H
a
+
 yields the corresponding imine(compare the sulphonate 
elimination in scheme 3) Apparently, the presence oí the α-carboxylic ester moiety activates the 
H
a
-atom and makes 34 prone to elimination When the α-hydrogen of compound 31 is replaced by 
an alkyl group14, the desired O-benzoyl-N-hydroxy-amino acid ester is obtained in reasonable 
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yiclds(40-72%). 
Oxidation of secondary amine groups of amino acid derivatives. 
Two approaches for the oxidation of secondary amines were mentioned in the introduction, 
one employing dibenzoylperoxide (scheme 5), the other employing m-CPBA in the oxidation of a 
secundary amine which is part of a cyclic amino acid derivative(scheme 10). We wondered 
whether these methods could be integrated in the synthesis of optically active N-hydroxy amino 
acid derivatives. The ring fragment in compound 23 contains a secondary amine and an amide 
function embedded in a fivc-membered ring. We reasoned that the amide moiety and/or the cyclic 
structure might be essential for the success of this oxidation. Another feature to be recognized is 
that the nitrogen atom to be oxidized in 23 is part of an Ν,Ν-acetaI. 
Therefore, some easily accessible amino acid derivatives containing a secondary amino group 
were subjected to treatment with the oxidizing agents mentioned, see scheme 14. All substrates 
testcdCSS, 37 and 39) are cyclic compounds containing a secundary amine function. In addition to 
this common characteristic, 37 contains an amide function and 39 carries an (N,0)-acetal moiety. 
Proline methyl ester 35, though being a cyclic secondary amine, was over-oxidized to yield 
36 by the action of m-CPBA(entry /). The desired N-hydroxy-proline methyl ester could not be 
detected. The same substrate gave again nitrone 36 when hydrogenperoxide/sodium tungstate was 
employcd(entry ii). In retrospect, this is not surprising however, since cyclic secondary amines 
have been reported15 to give nitrones under these reaction conditions. 
Upon oxidation with m-CPBA, prolinamide 37 yielded likewise the corresponding nitrone 
38(entry Hi). 
The pivaldehyde acetal of serine methyl ester16 39, carries the secondary amino group in a 
cyclic Ν,Ο-acetal. Oxidation by m-CPBA did not afford the expected N-hydroxylated product but 
the m-CBA salt of serine methyl ester 40 instead(entry iv). It is probably formed by acid-catalysed 
hydrolysis of the starting compound. 
Finally, treatment of proline methyl ester 35 with dibenzoylperoxide(entry v) gave a mixture 
of the N-benzoyl derivative 41 and the 1,2-dchydroproline methyl ester 42. The formation of the 
amide 41 is the result of the wrongly orientated attack on the peroxide as indicated by A in scheme 
13. The imine 42 is very likely formed by elimination of PhCOOH from the desired product 
43(scheme 15). 
A re-evaluation 
Elimination and over-oxidation seem to be inherent to these approaches of oxidation. Also 
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entry 
35 
ОМ 
m-CPBA(i) 
or HjO/NajWO^n) ^Ы" 
О" 
36 11%(ii) 
m-CPBA NH, 
4 N + 
37 38 
39 
m-CPBA 
HO 
H,N 
m-CBA 
40 
ОМ 
24% 
,
0 Μ β
 (PhCOO). 
Η О 
35 41 10% 42 35% 
scheme 14 
the wrong orientation of the attack on dibenzoyIperoxide(scheme 13) generates unwanted side 
products. Apparently, the compounds studied arc loo severe simplifications of the moiety to be 
oxidized in compound 23. Therefore, we decided to study the oxidation of compound 46 which 
shows a closer resemblance with the ring fragment present in 23. Compound 46 was synthesized 
according to the procedure17 depicted in scheme 16. 
Single oxidation of 46 could not be achieved by using hydrogenperoxide/sodium tungstate18 
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OMe -PhCOOH 
PhCOO 
¿> 
OMe 
43 42 
scheme 15 
HCl Η,Ν 
OMe 
44 
S Ph 
1,2 
CbzNH ^γ 
HNCH, 
45 
3,4,5 
H-N 
46 
1 CbzCI/КНСОз 2 CHjNHj/HjO/dioxane 3 parafomaldehyde/H* 4 48% HBr/AcOH S NaHC03 
scheme 16 
as overoxidation to the corresponding nitronc is likely to take place, as indicated in scheme 14, 
entry /7. Therefore, we were satisfied to observe that oxidation of this cyclic compound 46 with 
m-CPBA yielded the desired, N-hydroxylated product 47 in good yield(82%)(scheme 17). 
Evidently, now all conditions are met to perform a properly controlled N-hydroxylation. 
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N-hydroxylation 
As it appears from scheme 16, preparation of the cyclic compound 46 is quite elaborate 
requiring protection and deprotection of the α-amino group. The protection-deprotection could be 
omitted, however, when acid catalyzed condensation of the amino acid derivatives 48a-c with 
acetone appeared to be possible. From the N'-methyl amides of alanine and serme(/.e. 48a and 
48b) the corresponding imidazolidinones 49a and 49b could be prepared in reasonable to good 
yields(schemc 18). 
HNCH, 
48 
acetone 
reflux benzene 
- H 2 0 , H* 
H - N 
К 
49 
m-CPBA 
1 
49a CHCI3 or UeOH 
49b THF 
HO-N 
\ 
50 
-N 
R 
J 
\ 
51 
a R=Me 
b R=CH2OH 
e R-CH2OTHP 
TH P-le trahydropyranyl 
a 55% 
b 94% 
e 85%* 
* ) : prepared via 49b 
a 35% 
b 56% 
с 57% 
a 27% 
b 3 1 % 
e 1 1 % 
scheme 18 
The oxidation of compound 49a proceeded in a way different from that performed with 46, as 
a substantial amount of the overoxidized nitrone 51a was isolated. We have no explanation for this 
difference. It is noteworthy that in the oxidation of 49b 31% of the corresponding nilrone 51b 
together with 56% of the desired product 50b were isolated. These yields imply that 1.2 equivalents 
of oxidizing agents were used though only one equivalent of m-CPBA had been added. Probably, 
air oxidation in combination with the presence of the ß-hydroxyl group are responsible for this 
phenomenon. 
Compound 50a, lacking the ß-hydroxyl group, is shelf- stable under air atmosphere. The 
N-hydroxylated compound 50b decomposed very fast into a yellow product. Evidently, this is due 
again to the presence of the ß-hydroxyl group because the phenomenon is not observed with the 
stable compound 50a. The decomposition problem was overcome by protecting the hydroxyl 
group: 49b was converted into its hydrochloride(in order to mask the most basic nitrogen) and 
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subsequently treated with dehydropyran and a catalytic amount of ^-toluenesulphonic acid to give 
49c in 85% yield Oxidation oi the latter compound gave the stable N-hydroxy compound 50c in 
57% yield 
The next step was the opening of the ring to yield N-hydroxyamino acid derivatives This 
step turned out to be very ditficult. Several attempts including treatment with concentrated 
hydrochloric acid, ethanohc hydrogen chloride(with or without hydroxylamine hydrochloride) 
failed to give the N-hydroxy amino acid amides Therefore, we looked for another protecting group 
which should be easier to remove Replacement of acetone by p-methoxyaldehyde as the protecting 
group solved the problem. 
Preparation of the precuisor 52 
The imidazolidmones 52 are easily obtained by refluxing a solution of the amide 48 and 
p-methoxybenzaldehyde in methanol (scheme 19) Two diastereomcrs, in which the side-chain R 
and the p-MeO-phenyl group are in a cis or trans relationship emerge from this reaction Their ratio 
could be determined in some cases by isolation of the separate diastereomcrs No attempts were 
made to assign their relative stereochemistry The yield of the mixtures of diastereomers averaged 
75% after punlicalion by column chromatography(table 1) 
It should be stressed here that reaction of 48 with the aldehyde yields the five membered nng 
only at elevated temperature, at room temperature the Schiffs base 55 is formed(scheme 20) 
Probably, refluxing in MeOH causes the Schilt base 55 to cyclize into the product 52 The principle 
of the conversion 55 —- 52 at elevated temperatures has previously been reported with different 
compounds19 
Oxidation 
The oxidation 52 —» 53 is performed with one equivalent of m-chloroperben/oic acid in 
methanol From the table it appears that the yields of this oxidation step vary with the nature of the 
side chain With R = phenyl or benzyl(entries e and f, respectively) the yields are higher Another 
interesting feature is that one of the diastereomers of 52a,d,e,f is oxidized significantly faster than 
the othu one In the case of 52d the reaction with the "slow reacting" diaslereomer I is 
accompanied with the formation of more side products When the "slow reacting" diastereomers of 
52e and 52f were treated with more than one molar equivalent of m-CPBA, the desired 
N-hydroxylated compound 53 could not be isolated 
The formation of 53d was accompanied by the appearance of a small amount of the 
corresponding, overoxidized product 56d 
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scheme 20 
56d 
Hydrolysis 
The next reaction to be performed was the hydrolysis ot the N,N-acetals 53 This could be 
achieved by treatment with ethanolic HCl and an equimolar amount ot HjNOH HCl(scheme 19) 
Solvolysis ot 53 occurs already with ethanolic HCl alone, but then rccondensation ot the 
N-hydroxy amino acid amide 54 with aldehyde diethyl acetal to the nilrone takes place, decreasing 
the yield of 54 The reagent HjNOH HCl binds the aldehyde diethyl acetal liberated in the 
solvolysis reaction The results of the separate steps are summanzed in table 1 
For the N-hydroxy-amide 54a the optical purity(100%) could be determined by comparison 
with a reference compound(see expcnmcntal part) We are inclined to assume that the optical 
purity of 54d and 54f will be similar to that of 54a In contrast, compound 54c and its precursors 
have a high tendency to racemization so that 54e is likely to be a (partially) racemic mixture 
Evaluation 
A synthetic route to optically active N-hydroxy-a-amino acid amides 54 has become 
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Table 1 Chemical yields of the conversion 31 —» 54 
chemical yield (%) 
entry 
a 
d 
e 
f 
R 
Me 
f-But 
Ph 
CH2Ph 
3 1 ^ 4 8 
99 
93 
99 
99 
48—52 a 
36/36b 
38/38d 
50/26* 
46/33* 
52—53 а 
24е 
9/27e 
--/88 
-/74 
53—54 
78 
78 
37 f 
83 
") diast I/diast II b) ratio estimated from'H-NMR c) one didstereomcr isolated d ) ratio estimated 
from TLC e ) a mixture of 52d was oxydized and subsequently the separate diastereomers of 53d could 
be isolated ^ yield not optimized ** diastereomers isolated in the ratio given 
available During the nng closure with /?-mcthoxybenzaldehyde, a new center of chirahty is 
generated, giving rise to two diastereomers At first thought this fact seems to be unimportant as the 
newly generated center of chirahty is destroyed in the deprotcction step However, it appears that 
the two diastereomers behave differently towards the oxidizing agent, m-CPBA One of them is 
cleanly oxidized while the other is oxidized with concomittant generation of side products This 
phenomenon reduces the total yield considerably as diastcreoselectivity in the conversion 48 —» 52 
is nearly absent 
From the oxidations of 46 and 52 it seems that the presence of an aromatic R-group increases 
the yield of the oxidation 
This method for the selective N-hydroxylation of amino acid amides may be a rather general 
one However, it is bound to fail when other functionalities that are susceptible to oxidation are also 
present An example is discussed here In hctacillme methyl ester20 57, a cyclic structure that 
resembles 52e can be recognized In addition, a sulfur atom is present which is also susceptible to 
oxidation So, treatment with an oxidizing agent can yield either the corresponding hydroxylamine, 
the sulfoxide or both of these Indeed, oxidation of 57 employing one equivalent of m-CPBA gave 
the sulfoxide 58 in 72% yield(scheme 21) 
From this observation one may conclude that eg N-hydroxycysleine is very likely not 
accessible via the route depicted in scheme 19 This may also hold for N-hydroxy tryptophane 
Unfortunately, for reasons outlined betöre, we were not able to compare experimentally our 
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H-N m-CPBA 
CHjClj, о "с 
72% 
Η — Ν 
О' 
/ 
Кх 
CT ΟΜβ 
57 58 
scheme 21 
procedure with that reported by Danishcfsky4b which holds a great promise to face the challenge 
discussed in this chapter. 
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Oxidation of a derivative of serine 
After we had established thai amino acid amides having an alkyl, aryl or aralkyl side chain 
can be selectively N-hydroxylated by the procedure depicted in scheme 19, we sought a method for 
the N-hydroxylation of an amino acid having a side chain with a third functionality. The approach 
used by Nagasawa12(scheme 12) was studied for the oxidation of serine methyl ester 59. 
In our first experiments the synthesis of 61 was attempted by preparing the cyclic Ν,Ο-acetal 
of 59 and subsequent cyanoethylation. However, cyanocthylation of the secondary amine could not 
be achieved. Compound 61 could be synthesized by cyanoethylating serine methyl ester 59 first 
followed by condensation with acetaldehyde yielding 61.(scheme 22). The cyanoethylations were 
all carried out in dilute reaction mixtures in order to prevent exothermic(base-induced) 
polymerization of the acrylonitril used. 
H 1.CH2CHCN 
OMe ». 
2 E^N 
3. Me4NOH(cal.) 
75% 
OMe 
2 motee 
sieves 4 â 
90% 
VcN 0 
59 60 61 
scheme 22 
The product 61 was obtained as a mixture of two diastereomers in a ratio of 3:1. No attempt 
was made to assign the relative stereochemistry. 
Unfortunately, oxidation of 61 did not yield the desired N-oxide 62 but 63 instead, a product 
in which a molecule of m-CBA is incorporated. A rationale for the formation of 63 is presented in 
scheme 23. 
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Attempted synthesis of nitrone 64 for the preparation of N-hydrox\-tiyptophan. 
Finally, we studied the preparation of an optically active N-hydroxytryptophan derivative 65, 
the raccmic modification of which has been employed before as a synthon in natural product 
syntheses21. The strategy followed was a Fisher-like indole synthesis22 employing the optically 
active nitrone 64 which can be regarded as a synthetic equivalent of the aldehyde 64'(scheme 24). 
О 
4NH, 
OMe 
64 
OMe 
65 
64' 
scheme 24 
The advantage of this approach is that the nitrogen atom is brought into the proper oxidation 
state before the indole nucleus - which is sensitive to oxidation - is generated. 
The synthesis of racemic nitrone 64 has been described23. We have studied the synthesis of 
an optically active nitrone 64 from both proline methyl ester 35 and N-hydroxy-proline methyl 
ester 30 by reaction with various oxidizing agents(scheme 25). 
However, both approaches failed as invariably the isomeric compound 36 was isolated. 
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Conclusions: 
Direct N-hydroxylation of α-amino acids or esters thereof remains a challenge because of the 
overoxidation and elimination reactions which this class of compounds is prone to. It is necessary 
to introduce protecting groups in order to prevent these side reactions. Introduction and removal of 
the protective groups lower the overall yield in the reaction sequence. The method reported here 
makes use of the oxidation of secondary amines; the approaches reported in references lie and 
12(scheme 11 + 12) employ tertiary amines. 
The carbonyl compound to be condensed with the amides 48 can not be chosen arbitrarily; in 
the case of l-hydroxy-imidazolidinones 50 formed with acetone, the ring could not be re-opened to 
the N-hydroxy amino acid amides 54. Replacement of acetone by p-methoxybenzaldehyde as the 
condensing agent solves this problem; l-hydroxy-imidazolidinones 53 can be converted into the 
N-hydroxy amino acid amide in acceptable yields(approximately 80%). 
Whereas this approach appears to be successful another interesting problem remains to be 
solved. In the oxidation step of compounds 52 the yield seems to depend on the nature of the side 
chain R. From the oxidations of 46 and 52 it might be concluded that the presence of a phenyl 
group in the R substituent increases the yield. Compounds 52 show even a more complex reaction 
pattern; only one of the diastereomers is cleanly oxidized. 
The N-hydroxylation of amino acid derivatives possessing additional functional groups 
which are susceptible to oxidation might yield the wrongly oxidized product as was the case with 
hetacilline methyl ester 57(scheme 21). The oxidation took place at the sulfur instead of at the 
nitrogen atom. 
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4.3 Expei mental pai t 
'H-NMR spectra were measured on a Bruker WH-90 spectrometer Infra red spectra were 
measured on a Perkin Elmer 298 spectrometer Mass spectra were obtained with a double focussing 
VG 7070E spectrometer. Optical rotations were taken on a Perkin Elmer 241 Polarimeter 
Thin-layer chromatography(TLC) wis earned out by using Merck precoated sihcagel F-254 
plates(thickness 0 25 mm) For preparative column chromatography Merck sihcagel type H60 was 
used 
Attempted mono-oxidation of the hydrochloride of alanine methyl ester 31a with 
dibenzoylperoxide 
The procedure followed is similar to that described in ref 3 
2 4 g(10 mmol) of dibenzoylperoxide were suspended in 50 ml of CHCI3 together with 1 395 g(10 
mmol) of alanine ethyl ester hydrochloride Then 2 4 g(20 mmol) of K2CO3 were added The 
reaction mixture was stirred and hcated(60oC) for 18 hours Filtration and concentration m vacuo 
yielded 1 625 g of an oil which was subjected to flash column chromatography(elueni CHCI3) The 
first fraction yielded a not chemically pure solid which was crystalli/ed Irom ether/hexane giving 
1 6 % pure a-(0-benzoyl-oximino)propanoic acid methyl ester 33 with Rf 0 70(СНС1З/ЕІ2О 9/1) 
A second fraction yielded 27% pure N-benzoyl alanine methyl ester 32 with Rf 0 ЗбССНСЦ/Е^О 
9/1) 
Attempted direct oxidation of proline methyl ester 35 by m-CPBA 
In 15 ml of CH2CI2 at 0oC, 423 mg(3 3 mmol) of proline methyl ester were dissolved A solution of 
665 mg(3 3 mmol) of 85% /n-CPBA in 10 ml CHjC^ was added dropwise to the ester solution 
During and after the addition the reaction was monitored by TLC(3% MeOH/CfyCy A new 
uv-active spot had the same Rf value as the mtrone 36 isolated in the reaction of 35 with 
Na2W04/H202 A spot corresponding to N-hydroxy proline methyl ester 67 was not present 
Oxidation of the hydrochloride of proline methyl ester 35 by I^WO,, г^О/НоО-) 
The procedure followed was similar to that desenbed in ref 15 
1 g(6 mmol) of proline methyl ester hydrochloride was dissolved in 2 8 ml of fyO together with 
200 mg(0 6 mmol) of Na2W04 2H2O Because of the basic properties of the latter reagent it may 
be necessary to ad|usl the pH to 7 with a diluted HCl solution At 0 0C, 3 7 ml of 30% H202(33 
mmol) were added dropwise to the reaction mixture The mixture was stirred for 18 hours and then 
supplied with №28203 to neutrdli7e the excess peroxide The acid reaction mixture was adjusted to 
pH 7 by addition of 4 N NaOH solution Chlorotorm extraction(3 times) and dryingfMgSO^ 
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yielded 340 mg of a light yellow oil which crystallized upon standing Chromatogrdphy(eluent 
3 5% MeOH/CHClj) yielded 120 mg of a solid 'H-NMR revealed that the solid was not pure 
though it was homogeneous on TLC when 3 5% МеОН/СНСЦ was used as the eluent Using 
Еі20/СНС1з 1/1, TLC showed two components which could be separated 
chromatographically(Et20/CHCl3 55/45) The pure mtrone 36 was isolated in 10 5% yield(Rf 0 17, 
СНС1з/Еі20 1/1) 
Oxidation of prohnamide 37 by /n-CPBA 
In 10 ml of CH2CI2 at 0oC(ice/water), 249 mg(2 18 mmol) of prolinamidc were dissolved 
Gradually 442 mg(2 18 mmol) of 85% m-CPBA in 10 ml of CH2C12 were added to the reaction 
mixture During the addition two new compounds arose having Rf 0 26 and 0 46(10% 
MeOH/CH2Cl2) After all of the m-CPBA solution had been added, the compound having Rf 0 26 
disappeared but a new spot became visible having Rf 0 38 The reaction mixture was peroxide 
negative by KI/starch/H20 directly after the m-CPBA addition The mixture was treated with 5 ml 
saturated NaHCC^/i^O solution After separation, the organic layer was dried over MgSC^ 
Filtration and concentration of the filtrate yielded 115 mg of a light yellow oil The oil was 
subjected to flash column chromatography(eluent 2% MeOH/CH2Cl2) and yielded 30 mg of the 
mtrone 38(Rf 0 46. 10% McOH/CH2Cl2) 
Oxidation of the (N,0)-pivaldehvde acetal of serine methyl ester 39 by m СРВ A 
In 15 ml of dry СН2СІ2, 374 mg(2 mmol) of the (Ν,Ο) pivaldehyde acetal 39 of senne methyl ester 
were dissolved The solution was cooled to -78 0C, after which a solution of 406 mg(2 mmol) of 
85% m-CPBA in 10 ml of CH2C12 was added dropwise When the addition had been completed, 
the reacuon mixture was allowed to come to 20 "C Eighteen hours later, all of the peroxide had 
been consumed(KI/starch/water) and a white solid was formed TLC(10% МеОН/СН2СІ2) 
revealed the presence of many products The reaction mixture was concentrated in vacuo and the 
residue treated with a small amount of chloroform The solid isolated by filtration was crystallized 
from MeOH/pentane It turned out to be the m-CBA salt of serine methyl ester 40 Yield 132 
mg(24%) 
Oxidation of proline methyl ester 35 by dibenzoylperoxide 
The procedure followed is similar to that described in ref 6a 414 mg(3 21 mmol) of proline methyl 
ester 35 were dissolved m 40 ml of freshly distilled tetrahydrofurane after which 2 28 g of 
anhydrous Na2HP04 were added A solution of 776 mg(3 21 mmol) dibenzoylperoxide in 15 ml 
tetrahydrofurane was added dropwise to the stirred reaction mixture After 16 hours all of the 
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starting material had been consumed. In order to remove the benzoic acid, the reaction mixture was 
passed through a short column containing moist NaHCOj. The eluate was dried over MgSO,,. 
Filtration of the MgSC^ and evaporation of the solvent gave a residue which was subjected to flash 
column chromatography (eluent: EtOAc/hexane 3/2). 90 mg(ll%) of a colourless oil containing 
N-benzoyl proline methyl ester24 41 was isolated(Rf 0.69, EtOAc). Though this fraction was 
homogeneous by TLC(EtOAc), ^-NMR revealed the presence of an unknown contamination. The 
oil crystallized upon standing. Another fraction(Rf 0.43, EtOAc) contained the 
(l,2)-dehydroproline methyl ester 4225(151 mg, 35%). IR revealed an imine absorption. 
Oxidation of 5-benzvl-3-methvl-4-imidazolidinone 46 by w-CPBA. 
In 50 ml of dry CH2CI2, 190 mg(1.0 mmol) of 5-benzyl-3-methyl-4-imidazolidinone 46 were 
dissolved. A solution of 235 mg(1.15 mmol) of 85% w-CPBA in 10 ml of CH2CI2 were added 
dropwise to the solution of 46. After one hour the reaction mixture was washed with 0.1 M 
ЫаНСОз. Subsequently the organic layer was dried on anhydrous Na2S04. Evaporation of the 
solvent left a residue which was subjected to flash column chromatography(eluent: 1.5% 
МеОН/СН2СІ2). 5-benzyl-l-hydroxy-3-methyl-4-imidazolidinone 47 was isolated in 82% yield. 
Preparation of (2.2.3,5)-tetramethvl-4-isoxazolidinone 49a. 
In 40 ml of 40% CH3NH2/H2O, 3 g(21.5 mmol) of alanine methyl ester hydrochloride 31a were 
dissolved. After one hour the reaction mixture was concentrated in vacuo. The residue contained 
equimolar amounts of methyl ammonium hydrochloride and the N-methyl amide 48a(Rf 0.23, 15% 
МеОН/СНСІз) of the starting material. Without further purification the residue was taken up in 
125 ml of benzene. To this solution 25 ml of acetone and 150 mg of p-toluenesulphonic acid were 
added. The resulting mixture was refluxed over molecular sieves 4Â for 18 hours. Subsequently the 
solution was concentrated in vacuo, the resulting residue taken up in 10 ml of CH2CI2, after which 
the solution was filtered. The filtrate was passed through a short column containing moist №НСОз 
in order to remove p-tolucnesulphonic acid. The eluate was dried on MgSO,,. Filtration and 
removal of the solvent gave a residue which was subjected to flash column chromatography(eluent 
3% МеОН/СН2СІ2). 1.62 g(53%) of the isoxazolidinone 49a was isolated(Rf 0.41, 7% 
МеОН/СНСІз). 
Oxidation of 2,2.3.5-tetramethvl-4-imidazolidinone 49a. 
In 40 ml of CHCljCor MeOH) at 0 0C(ice/water), 710 mg(5 mmol) of the imidazolidinone 49a were 
dissolved. Then 1015 mg(5 mmol) of 85% m-CPBA in 20 ml of СНСЦог MeOH) were added 
dropwise. After two hours the reaction mixture was found to be peroxide freeiKI/starch/F^O) 
though not all of the starting material had been consumed. The reaction mixture was concentrated 
Chapter 4 67 
in vacuo and the residue taken up in 8 ml of CHjC^. The resulting solution was passed through a 
short column containing moist ЫаНСОз in order to remove m-CBA. More CH2CI2 was passed 
through the column until the column was almost colourless. The eluate was dried on MgSO^ 
Filtration and removal of the solvent yielded 879 mg of a residue which was subjected to flash 
column chromatography(eluent EtOAc/hexane 70/30). 274 mg(35%) of 
l-hydroxy-2,2,3,5-tetra-methyl-4-imidazolidinon 50a (Rf 0.46, EtOAc)(crystals from Et20/hexane) 
and 209 mg(27%) of the corresponding nitrone 51a(Rf 0.15, EtOAc)(crystals from ЕізОЛіехапе) 
were isolated. 
Preparation of 2.2.3-trimethvl-5-hvdroxvmethvlene-4-imidazolidinone 49b. 
In a mixture of 70 ml of dioxane and 30 ml of 40% СНз>Щ2/Н20, 7.5 g(48.3 mmol) of serine 
methyl ester hydrochloride were dissolved. After eight hours the reaction mixture was concentrated 
in vacuo. The residue contained equimolar amounts of the amide 48b and methyl ammonium 
hydrochloride. It was used without further purification for the preparation of 
2,2,3-trimethyl-5-hydroxymcthylene-4-imidazolidinone49b. 
The mixture(38.6 mmol) of methyl ammonium hydrochloride and serine N'-methyl amide 
48b was dissolved in 100 ml of benzene together with 6 g of acetone(103 mmol) and 0.5 g of 
p-toluenesulphonic acid. The reaction mixture was refluxed over molecular sieves 3Â during 40 
hours. Then it was concentrated in vacuo and the residue was subjected to flash column 
chromatography(eluent 5% MeOH/CH2Cl2). 5.7 g(94%) of 2,2,3-trimethyl-5-hydroxymethylene-
-4-imidazolidinone 49b was isolated. 
Oxidation of 2,2.3-trimethvl-5-hvdroxvmethvlene-4-imidazolidinone 49b. 
In 25 ml of tetrahydrofurane, 500 mg(3.2 mmol) of 49b were dissolved after which 2.2 g of 
Na2HP04.2H20 were added to the solution. To the the stirred solution 640 mg(3.2 mmol) of 85% 
m-CPBA in 50 ml of tetrahydrofurane was added dropwise. After the m-CPBA addition had been 
completed, the reaction mixture was concentrated in vacuo. A colourless oil remained which 
contained a white solid. Flash column chromatography(eluent: 3% MeOH/CH2Cl2) yielded 169 
mg(31%) of the nitrone 51b and 316 mg(56%) of the N-hydroxylated product 
l-hydroxy-2,2,3-lrimethyl-5-hydroxymethylene-4-imidazolidinone 50b. The latter fraction 
contained a trace of /n-CBA. 
Preparation of 0-tetrahvdropvranvl-2.2,3-trimethvl-5-hvdroxvmethvlene-4-imidazolidinone 49c. 
2>2,3-trimethyl-5-hydroxymethylene-4-imidazolidinone 49b was dissolved in ethanol after which 
ethanolic HCl was added. Ether was added to precipitate the hydrochloride of 49b. The precipitate 
was crystallized from EtOH/Ei20. 
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1.9 g(9 8 mmol) of the hydrochloride of 49b was dissolved in 40 ml of acetomtnle To the 
stirred solution 1.1 g(13.1 mmol) of dihydropyran was added together with a small amount of 
p-toluenesulphonic acid After 6 hours the reaction mixture was concentrated in vacuo yielding a 
residue which was subjected to flash column chromalography(eluent: 3% MeOH/CHjCy. 2.0 
g(85%) of the telrahydropyran acetal 49c were isolated. TLC showed two diastereomers, from 
which small amounts were purified. 
Oxidation of 0-tetrahvdropvranvl-2,2,3-trimethvl-5-hvdroxvmethvlene-4-imidazolidinone 49c. 
In 25 ml of tetrahydrofurane, 500 mg(2 1 mmol) of 49c were dissolved 1 5 g(10 6 mmol) of 
Na2HP04.2H20 were added under stirring. To the stirred solution 420 mg(2.1 mmol) of 85% 
m-CPBA in 50 ml of tetrahydrofurane were added dropwise. After the addition had been 
completed, the reaction mixture was filtrated The filtrate was concentrated in vacuo yielding an oil 
which was purified by flash column chromatography(cluenr EtOAc). 58 mg(ll%) of the nitrone 
Slc(crysUls from EtjO/hexane) and 279 mg(57%) ol the N-hydroxylated product 50c(isolated as a 
colourless oil) were obtained. 
General procedure lor the preparation of the amino acid -N'-methylamides 48a, 48d, 48e, 48Γ 
The hydrochloride of an ammo acid ester 31(20 mmol) is suspended in 150 ml of CHCI3, together 
with one equivalent^ 03 g, 20 mmol) of tnethylamine. After 15 minutes the solvent is removed 
and the residue extracted three times with diethylether. Concentration of the combined ether 
fractions in vacuo gives the free α-amino acid ester The yield is almost quantitative, except in the 
case of the hydrochloride of alanine methyl ester 31a(16%) which is handled in another way(v/de 
infia). To prevent self aminolysis, the free oc-amino acid ester is immediately dissolved in 140 ml 
of 40% CH3NH2/H2O After half an hour the reaction mixture is concentrated in vacuo, leaving the 
amino acid -N'-methylamide 48 in almost quantitative yield(see table 1) In the case of 31a the 
hydrochloride was dissolved immediately in 40% СНзМН2/Н20 After half an hour the reaction 
mixture was concentrated in vacuo what left a residue containing equimolar amounts of 48a and 
CH3NH2.HCI This residue is used without further purification for the preparation of 52a 
General procedure for the preparation of the isoxa/ohdinones 52a, 52d, 52e, 52f 
Twenty mmol amino acid N'-melhylamide 48 and 20 mmolcs of freshly distilled p-methoxy-
benzaldchyde are dissolved in 150 ml of MeOH. The solution is rcfluxcd over molecular sieves 3 À 
during 18 hours after which the solvent is evaporated The residue is purified by column 
chromatography. 
52a: A sample containing equimolar quantities of amide 48a and CH3NH2 HCl(see previous 
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prescript) was refluxed in methanol with p-methoxybcnzaldehyde as described above. The residue 
was purified chromatographically(eluent 2% MeOH/CF^Cy. The product 52a was a mixture of 
two diastercomers(Rf 0.50, 3% MeOH/CH2Cl2). 
52d: According to TLC the diastereomers were formed in a ratio of about 1/1(1% 
МеОН/СНСІз). The residue was subjected to flash column chromatography(eluent 1% 
MeOH/Ch^Cy. The eluate was collected in three fractions, the first fraction containing pure 
diastereomer II(Rf 0.52, 3% MeOH/CHC^Xcrystals from CH2Cl2/hexane), the last fraction yielded 
pure diastereomer I(Rf 0.45, 3% MeOH/CHCl3). The second fraction contained a mixture of both 
diastereomers. 
52e: Chromatography of the residue(eluent EtOAc/hexane 40/60) gave two fractions, one 
containing diastereomer l(Rf 0.34, EtOAc/hexane l/l)(crystals from Et20/hexane), the other 
containing diastereomer II(Rf 0.11, EtOAc/hexane 1/1 Xcrystals from CH2Cl2/hexane). 
52f: Chromatography of the residue(cluent 1% McOH/CH2Cl2) gave two fractions, one 
containing diastereomer I(Rf 0.21, 1% MeOH/CHCljXcrystals from CH2Cl2/hexane), the other 
containing diastereomer n(Rf 0.11, 1% MeOH/CHC^Kcryslals from E^O/hexane). 
General procedure for the preparation of the l-hydroxy-isoxazolidinones 53a, 53d, 53e, 53f. 
A solution of 1.014 g(5 mmol) of 85% w-CPBA in 10 ml of CH2C12 is added dropwise to a cooled 
solution(ice/water) of 52 (5 mmol) in 100 ml of CH2C12. After 3 hours(unless otherwise stated, see 
below) the solvent is evaporated and the residue is chromatographed. 
53a: A mixture of diastereomers of 52a was oxidized with m-CPBA. The reaction period had 
to be extended to 2 days(0oC). TLC showed two iodine positive spots(Rf 0.57 and 0.51, 
toluene/ethyl formate/formic acid 10/7/3). After chromatography of the residue(eluent toluene/ethyl 
forrnate/formic acid 90/7/3), only one of the diastereomers of 53a was isolated(24%, Rf 0.51 
toluene/ethyl formate/formic acid 10/7/3Xcrystals from CH2Cl2/hexane). 
53d: A mixture of diastereomers of 52d was oxidized with /n-CPBA. The reaction period had 
to be extended to 2 days(0oC). After chromaiography(eluent toluene/ethyl formate/formic acid 
90/7/3) two fractions were collected each containing one of the diastereomers of 53d. Diastereomer 
11(14%): Rf 0.49 EtOAc/hexane l/l(crystals from CH2Cl2/hexane). Diastereomer 1(2.5%): Rf 0.32 
EtOAc/hexane l/l(crystals from CfyCl^hexane). An impure fraction containing diastereomer II 
together with the concentrated filtrates of the previous crystallizations was 
re-chromatographed(cluent EtOAc/hexane 20/80 changing to 50/50). Again two fractions were 
collected each containing one of the diastereomers. After crystallizations(from CH2Cl2/hexane) 
13% of diastereomer II and 6.5% of diastereomer I could be isolated. Another impure fraction was 
re-chromatographed(cluenl EtOAc/hexane 1/1) and afforded the cyclic nitrone 5<>d(Rf 0.22, 
EtOAc/hexane 1/1) in 7% yield. 
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53e: Diastereomer II of 52e was oxidized. The residue was chromalographed(eluent toluene/-
ethyl formate/formic acid 90/7/3). 88% of diastereomer II of 53e could be isolated(Rf 0.63 toluene/-
ethyl formate/fomiic acid 10/7/3)(crystals from CHjC^/hexane). 
53f: Diastereomer II of 52f was oxidized. The residue was chromatographed(eluent toluene/-
ethyl formate/formic acid 90/7/3). 74% of diastereomer II of 53f could be iso]ated(Rf 0.53 3% 
MeOH/CHCljXcrystals from CHjCyhexane). 
General procedure for the preparation of the N-hydroxy amino acid amides 54a. 54d. 54e. 54f. 
2 mmol of a 1-hydroxy-isoxazolidinone 53 is dissolved in 7 N HCl/EtOH together with 139 mg(2 
mmol) of H2NOH.HCI. After 3 hours of gentle refluxing, the solvent is evaporated. The residue is 
stripped three times with ElOH. Subsequently the residue is subjected to flash column 
chromatography. 
54a: Diastereomer I of 53a was used for the hydroxylaminolyse. Eluent: 3% МеОН/СНгС^ 
changing to 7% MeOH/CHjClj. Crystals from MeOH/CI^Clj/hexane in the ratio 1/25/25. To 
check the optical purity of the product, the compound was synthesized again from optically pure 
N-hydroxy-alanine ethyl ester(see chapter two)(3 mmol) and 40% Н2МСНз/Н20(1.5 ml) at О'ЧГ. 
After 1 hour the reaction mixture was concentrated in vacuo and stripped three times with MeOH. 
The residue was crystallized from MeOH/CHjCl^hexane 1/25/25. Yield: 25%. The latter method 
yielded 54a having l a ] D 2 0 +45.8(c 2, MeOH), 54a obtained by the oxidative method showed [alo 2 0 
-45.7(c 2, MeOH); so the optical purity was 100%. 
54d: Diastereomer I of 53d was used for the hydroxylaminolyse. Eluent: 2% MeOH/C^Clj 
changing to 5% MeOH/CfyCy Crystals from EtOAc/hexane. 
54e: Diastereomer II of 53e was used for the hydroxylaminolyse. Eluent: 2% МеОН/СНгСІз 
changing to 5% MeOH/CH2Cl2. Crystals from CHClj/hexane. 
54f: Diastereomer II of 53f was used for the hydroxylaminolyse. Eluent: 5% MeOH/CH2Cl2. 
Crystals from CHCl3/hexane. 
Oxidation of hetacilline methyl ester 57 by m-CPBA. 
In 20 ml of dry СН2СІ2, 354 mg(0.88 mmol) of hetacilline methyl ester 57 were dissolved after 
which the solution was cooled to 0 0C. A solution of 178 mg(0.88 mmol) of 85% m-CPBA in 10 ml 
of CH2CI2 was added dropwise to the reaction vessel. After one hour the reaction mixture was 
concentrated in vacuo leaving an oily residue which was subjected to flash column 
chromatography(eluent: EtOAc/hexane 4/1). 265 mg(72%) of the sulfoxide 58 of hetacilline methyl 
ester were isolated(Rf 0.45, 7% MeOH/CH2Cl2). 
Cyanoethylation of the hydrochloride of serine methyl ester 59. 
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In 60 ml MeOH, 3.11 g(20 mmol) of the hydrochloride of serine methyl ester 59 together with 2.12 
g(40 mmol) of acrylonitrile were dissolved. Then 1.92 g(19 mmol) of triethylamine were added 
dropwise to the solution, after which 20 drops of 0.1 N Me4NOH/MeOH were added. The 
temperature was raised to 60oC and maintained for four days. Then the reaction mixture was 
concentrated in vacuo. The residu was treated with 40 ml of CH2CI2 under vigorous stirring and 40 
ml of ЕІ2О were added. Triethylammoniumchloride precipitated and was filtered off. The 
extraction was repeated two times following the same proccdureiCHjClj, EtjO etc.). The combined 
filtrates were concentrated in vacuo and left 2.82 g of a brown oil. Chromatography(eluent: 2% 
MeOH/CHCl3) yielded 2.61 g(75%) of N-cyanoethylated serine methyl ester 60(Rf 0.43, 10% 
MeOH/CHCl3). 
Hydrochloride of N-cyanoethylcne serine methyl ester 60. 
N-cyanoethylene serine methyl ester 60 was dissolved in dry ether. Then etherial HCl was added 
dropwise. The solvent was evaporated and the residu stripped three times with MeOH. The residu 
was crystallized from ЕЮНЛ^О. 
Preparation of (N,0)-acetaldehvde acetal 61 of N-cyanoethylene serine methyl ester 60 with 
acetaldehyde. 
In 100 ml of dry CH2CI2, 1.371 g(8 mmol) of N-cyanoethylene serine methyl ester 60 were 
dissolved and 368 mg(8.4 mmol) of freshly distilled acetaldehyde were added in one portion. 5 g of 
molecular sieves 4Ä were added to the reaction mixture to bind the water liberated of the 
condensation. After 24 hours the sieves were removed by filtration. The filtrate was concentrated in 
vacuo and the residu subjected to Kugelrohr destillation(0.5 mm Hg, 150oC), yielding 1.42 g(90%) 
of pure acetal 61. Though no diastereomers could be delected by 'H-NMR, capillary gas-liquid 
chromatography showed a 3:1 ratio for the two possible diastereomers. 
Oxidation of the (N,0)-acetaldehvde acetal of N-cyanoethylene serine methyl ester 61. 
In 10 ml of CH2CI2, 256 mg(1.3 mmol) of the Ν,Ο-acetal of N-cyanocthylene serine methyl ester 
61 were dissolved. To this solution, kept at 0oC(ice/water), a solution of 513 mg(2.6 mmol) of 87% 
m-CPBA in 10 ml of CH2CI2 was added dropwise. After two hours the starling material had been 
consumed completely. The reaction mixture was treated carefully with diluted aqueous 
Na2S205/NaOH (1/2) solution until all peroxides had disappeared according to KI/starch/water. 
Subsequently the organic layer was treated with 2 ml saturated №НСОз solution to remove 
m-CBA. Then the layer was dried over MgSO,}. Filtration and concentration in vacuo gave 350 mg 
of an oil still containing m-CBA. Addition of some CH2CI2 to the oil caused m-CBA to precipitate. 
The precipitate was removed by filtration and CH2CI2 was evaporated. The precipitation was 
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repeated two times, yieling 120 mg of pure те-СВА. The residu(230 mg) was subjected to 
chromatography(eluent: EtOAc/hexane 3/7) giving 98 mg(20%) of the open ring product 63(Rf 
0.39, EtOAc/hexane 1/1). 
Preparation of the hydrochloride of N-hydroxy-prolme methyl ester 67. 
While stirring 3.81 g(32 mmol) of SOC^ were added dropwise to 20 ml of MeOH at 
0oC(ice/water). After 15 minutes 1.5 g(11.45 mmol) ot N-hydroxyproline(prepared according to the 
procedure described by Nagasawa12) were added in five portions. Stirring was continued for 20 
hours at room temperature. The reaction mixture was concentrated in vacuo and stripped three 
times with MeOH. Crystallization from EtOH/Et20(later at 40C) yielded 94% of the hydrochloride 
of N-hydroxy proline methyl ester 67. 
Preparation of free N-hydroxy proline methyl ester 67. 
In 7 ml of CHCI3, 200 mg(l.l mmol) of the hydrochloride of N-hydroxy proline methyl ester 67 
were suspended after which 111 mg(l.l mmol) of tricthylamme were added dropwise. After 10 
minutes the reaction mixture was concentrated m vacuo to yield an oily residue which was 
extracted three times with ether The combined ether fractions were dried over MgS04 and 
concentrated m vacuo to yield 159 mg(100%) of a colourless oil, N-hydroxy proline methyl ester 
67(Rf 0.28, 3% MeOH/CHClj). 
Oxidation of N-hydroxy proline methyl ester 67 by dichlorodicvanoquinone(DDQ). 
Procedure 1: 150 mg(1.03 mmol) of N-hydroxy proline methyl ester 67 were dissolved in 2 ml of 
dry THF(freshly disüllcd from LiAlH4) at -150C(ice/NaCl) 235 mg(1.03 mmol) of DDQ in 2 ml of 
dry THF were added dropwise to the stirred solution. Stirnng was continued for 48 hours at -20oC 
after which the starting material had disappeared completely. Concentration in vacuo yielded a 
light yellow semi-solid which was extracted three times with СН2СІ2. The combined extracts were 
concentrated m vacuo to yield 158 mg of a dark red oil. Chromatography(eluent 1.5% 
МеОН/СНСІз) yielded 60 mg(41 %) of the mlrone 36(Rf 0.34, 3% MeOH/CHClj). 
Procedure 2: The same procedure except for the use of THF/H2O (1/1) instead of pure THF as the 
solvent. Addition of the DDQ/THF solution was started at 0oC to prevent H2O from freezing out. 
During the addition the temperature could be lowered to -20oC without crystallization of the 
present water. The same work up as described above yielded 75 mg(51%) of mtrone 36. 
Oxidation of N-hydroxy proline methyl ester 67 by K^FcCCN^l. 
The procedure followed is similar to that described in ref. 26. 
159 mg(l.l mmol) of N-hydroxy proline methyl ester 67 were dissolved in 7 ml of CHCI3. Under 
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vigorous stirring a solution of 722 mg(2.2 mmol) of Кз[Ре(СМ)6] and 184 mg(2.2 mmol) NaHCOj 
in 4 ml of H2O was added dropwise. After 18 hours the organic fraction of the two phase system 
was separated and the aqueous fraction extracted three times with CHCI3. The combined organic 
fractions were dried over MgS04. Filtration and subsequent evaporation of the solvent yielded 150 
mg(96%) of a colourless oil containing pure nitrone 36 which crystallized upon standing. 
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Spectroscopic data ami elemental analyses 
32: 
'H-NMRtCDCb): δ 1.49(d, 3Η, CHOl·,), 3.68(s, ЗН, ОСН3), 4.74(p, 1Η, СНСН3), 7.61(d, IH, 
NH), 7.16-7.40 and 7.73-8.00(m 2x, 5H, COPh). IR(neat, cm"1): 3160-3490(s), 3060(w), 2990(w), 
2950(w), 1740(s), 1650(s). MS(CI, m/z): 208(M++1, 71), 176(11), 148(21), 105(100). 
33: 
m.p.: 99-100 "С. 'H-NMRiCDCIj): δ 2.38(5, ЗН, α-CH,), 3.95(s, ЗН, OCH3), 7.39-7.81 and 
8.03-8.28(m 2x, 5H, Ph). IR(KBr, cm"1): 3065(w), 2955(w), 1763(s), 1725(s), 1630(m). MS(CI, 
m/z): 222(M++1, 17), 137(11), 123(27), 105(100), 56(100). Elem. anal.: cale: С 59.73, Η 5.01, Ν 
6.33; found: С 59.53, Η 5.03, Ν 6.21. 
36: 
'H-NMRtCDCIj): δ 2.12(ρ, 2Η, CCH2CH2CH2N), 2.99(t, 2H, CCH2CH2CH2N), 3.78(s, ЗН, 
OCH·,), 4.12(t, 2H, CCH2CH2CH2N). IR(KBr, cm1): 2950(w), 1720(s), 1695( ), 1550(s), 1232(s). 
MS(EI, m/z): 143(M+, 88), 112(43). 85(100), 59(55). 
38: 
'H-NMRÍCDC^): δ 2.08(p, 2H, CH2CH2CH2N), 3.0l(t, 2H, CH2CH2CH2N), 4.16(t, 2H, 
CH2CH2CH2N), 6.0-6.8 and 8.9-9.9(s 2x, 2H, CONH2). IR(ncat, cm 1): 3150-3600(m), 2930(w), 
1655(s), 1545(m). MS(CI, m/z): 129(M++1, 100), 112(65), 95(12). 
40: 
m.p.: 145-146.5 0C. 1H-NMR(CD30D): δ 3.54-3.93(m, 3H, CHCH2()H), 3.78(s, ЗН, OCH3), 
7.27-7.60 and 7.83-8.04(m 2x, 4H, m-CBA). IR(KBr, cm"1): 3240(m), 295()(m), 1745(s), 1620(m). 
MS(CI,m/z): 157(69, M++l), 139(11); 120(39, M++l), 102(22), 88(12), 60(100). 
4L 
Spectroscopic data were identical to those reported in reference 24. 
42: 
Spectroscopic data were identical to those reported in reference 25. 
47: 
m.p.: 85-87 0C. 'H-NMRiCDClj): δ 2.80(s, 3H, NCH,), 2.88 and 3.15(AB-part of ABX-system, 
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J„=3.9 Hz, Jbx=8.9 Hz, Jab= 14.3 Hz, 2H, CaHCH2Ph), 3.77(X-part of ABX, IH, Ja x+ Jbx=12.6 Hz, 
CJiCHjPh), 4.15 and 4.25(AB, 2H, J
ab=9.1 Hz, NCH2N), 6.3(broad, IH, NOH), 7.26(s, 5H, Ph). 
IR(KBr, cm 1): 3240(broad), 168()(s). MS(EI, m/z): 206(M+, 16), 115(100), 99(31), 92(16), 91(53), 
65(16). 
49a: 
m.p.: 81-82 0C. 'H-NMRiCDClj): δ 1.25 and 1.36(s 2x, 6H, C(CH3)2), 1.32(d, 3H, CHCTl·,), 
1.54(s, IH. NH), 2.74(s, 3H. NCH3), 3.50(q, IH, CHCH3). IR(ncat, cm 1): 3270(m), 297()(m), 
2935(w), 2885(w), 1670(s). MS(CI, m/z): 143(M++1, 100), 127(14), 57(72). Elem. anal.: cale: С 
59.13, Η 9.92, Ν 19.70; found: С 59.08, Η 9.95, Ν 19.55. 
50а: 
m.p.: 117-118.5 0C. •H-NMRíCDCl·,): δ 1.12 and 1.31(s 2x, 6H, С(СНз)2), 1.13(d, ЗН, CHCH3), 
2.77(s, 3H, NCH3), 3.46(q, IH, CHCH3). IR(KBr, cm1): 3310(s, broad), 2970(m), 2930(m), 
2850(m), 1685(s). MS(CI, m/z): 159(M++1, 99), 143(100), 128(29), 72(87), 42(70). Elem. anal.: 
cale: С 53.15, Η 8.92, Ν 17.71; found: С 53.84, Η 9.07, Ν 17.65. 
51а: 
m.p.: 127-129 0C. •H-NMRÍCDCl·,): δ 1.55(s, 6H, С(СНз)2), 2.20(s, ЗН, СаСНз), 2.97(s, ЗН, 
NCHj). IR(KBr, cm 1): 2990(w), 2915(m), 2850(w), 1690(s), 1595(s). MS(EI, m/z): 156(M+, 73). 
84(12). 71(31), 56(100). Elem. anal.: cale: С 53.83, Η 7.74, Ν 17.94; found: С 53.57, Η 7.75, Ν 
17.69. 
49b: 
•H-NMRÍCDC^): δ 1.34 and 1.42(s 2x, 6H, С(СНз)2), 2.4(broad, 2H, OH and NH), 2.78(s, 3H, 
NCH3), 3.5-4.2(m, 3H, C ^ C H p ) . IR(neat, cm1): 3350(s, broad), 2980(w), 2930(w), 1670(s). 
(MS(CI, m/z): 159(M++1, 100), 101(15), 72(14). 
50b: 
iH-NMRtCDCy: δ 1.33 and 1.42(s 2x, 6H. С{СЩ)2), 2.80(s, 3H, NCH3), 3.60(X-part of ABX, 
IH, CJiCHîO, Jax+ Jbx=7.7 Hz), 3.93 and 3.98(AB-part of ABX, 2H, С
а
НСН20, Jax=3.6 Hz, 
Jbx=4.2 Hz, J a b=l 1.6 Hz), 4.67(broad, 2H, OH 2x). 
51b: 
•H-NMRiCDClj): δ 1.64(s, 6H, С(СНз)2), 3.04(s, ЗН, NCH,), 4.63(.s, 2H, CJC.^), 5.95(broad, IH, 
OH). 
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49c(diast I): 
'H-NMRtCDClj): δ 1.31 and 1.46(s 2x, 6H, С(СНз)2), 1.4-1.8(m, 6H, CH2CH2CH2CH20), 
2.39(broad, IH, NH), 2.80(s, 3H, NCHj), 3.3-4.l(m, 5H, CJiCHjO and C^C^CUjCHJÒ), 
4.61 (m, IH, OCHO). 
49c(diast II): 
'H-NMRÍCDC^): δ 1.32 and 1.44(s 2x, 6H, С(СНз)2), 1.4-1.8(m, 6H, C H ^ H ^ I ^ C H p ) , 2.31(s, 
IH, NH), 2.80(s, 3H, NCH3), 3.3-4.0(m, 4H, C
a
HCH20 and CH2CH2CH2CH20), 4.15(X-part of 
ABX, IH, C ^ O ^ O , J„+ \
x
=1.9 Hz), 4.64(broad, IH, OCHO). IR(KBr, cm 1): 3500(broad), 
3330(m), 1690(s). 
50c: 
•H-NMRtCDCL,): δ 1.31 and 1.44(s 2x, 6H, С(СНз)2), 1.2-1.9(m, 6H, CH2CH2CH2CH20), 2.81(s, 
3H, NCHj), 3.3-4.3(m, 5H, C ^ C H ^ and CH2CH2CH2CH20), 4.67(broad, IH, OCHO), 
6.11(broad, IH, NOH). IR(KBr, cm 1): SSSOíbroad), 1695(s). MS(EI, m/z): 258(M+, 1), 174(41), 
156(12), 85(100). 
51c: 
m.p.: 96-97.5 0C. •H-NMRÍCDCl·,): δ 1.58(s, 6H. С(СНз)2), 1.0-1.9(m, 6H, CH2CH2CH2CH20), 
2.99(s, 3H, NCH3), 3.3-4.0(m, 2H, CH2CH2CH2CH20). 4.39 and 4.53(AB, 2H, CaCH20, Jab=12.3 
Hz), 4.76(broad, IH, OCHO). IR(KBr, cm1): 3500(broad), 1700(s), 1580(m). MS(EI, m/z): 
256(M+, 1), 173(22), 156(95), 141(51), 85(36), 56(92), 49(100). Elem. anal.: cale: С 56.24, H 7.87, 
Ν 10.93; found: С 56.55, Η 7.83, Ν 10.80. 
52a:(two diastereomers) 
'H-NMRiCDC^): δ 1.35(d, ЗН, CHCHj), 1.44(d, ЗН, CHCHj), 1.77(s, IH, NH), 2.62(s, 3H, 
NCH3), 2.67(s, 3H, NCH3), 3.60(q, IH, CHCH3), 3.83(s, 3H, PhOMe). 3.84(q, IH, CHCH3), 
5.18(s, IH, CHPhOMe), 5.28(s, IH, CHPhOMe), 6.69 and 7.02(AB, 4H, CHPhOMe, J
ab=8.5 Hz), 
6.73 and 7.02(AB, 4H, CHPhOMe, J
a
b=8.6 Hz). IR(neat, cm"1): 3450(w), 3330(m), 1690(s), 
1615(s), 1590(m). MS(EI, m/z): 220(M+, 34). 219(66), 163(53), 162(53), 148(100). 113(55). 
52d:(diast.I) 
'H-NMRÍCDC^): δ 0.99(d, 6H, СН2СН(СНз)2). 1.23-2.14(m, 4H, CH(NH)CH2CH(CH3)2), 
2.64(s, 3H, NCH3), 3.55(4 lines, X-part of ABX, IH, NHCHCH2, Ja x+ Jbx=12.9 Hz). 3.86(s, 3H, 
CHPhOMe), 5.18(d, IH, CHPhOMe, J=l.l Hz due to coupling with the C
a
-proton), 6.97 and 
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7.29(AB, 4H, CHPhOMe. J
a
b=8.7 Hz). MS(EI, m/z): 262(M+. 11). 261(36), 206(63). 205(73), 
177(14), 162(100), 149(73), 148(93), 135(30). 
52d:(diast.II) 
m.p.: 118.5-119.5 0C. 'H-NM^CDC^): δ 0.91 and 0.98(2x d, 6H. СНСН2СН(СНз)2), 
1.22-2.03(m, ЗН. СНСН2СН(СНз)2), 1.85(s. IH, NH), 2.66(s. 3H, NCHj), 3.73(m, IH, 
СНСН2СН(СНз)2, 3.83(s, 3H, CHPhOMe), 5.24(d, IH, CHPhOMe. J=1.2 Hz due to coupling with 
C
a
 proton). 6.97 and 7.29(AB, 4H, CHPhOMe, J
ab=8.7 Hz). IR(KBr, cm 1): 3310(m), 1685(s), 
1615(m). 1590(w). MS(EI, m/z): 262(M+. 18), 261(39), 206(60), 205(100), 177(10). 162(49), 
149(51), 148(56), 135(11). Elem. anal.: cale: С 68.67. Η 8.45. Ν 10.68; found: С 68.65. Η 8.47, Ν 
10.56. 
S2e:(diast.I) 
m.p.: 87.5-88.5 0C. 'H-NMR^DClj): δ 1.80(s. IH, NH), 2.67(s, ЗН, NCHj), 3.84(s, 3H, 
CHPhOMe), 4.88(d, IH, NHCHPh), 5.44(d, IH, CHPhOMe, J=1.5 Hz, due to coupling with 
C
a
-proton), 6.96 and 7.30(AB, 4H, CHPhOMe, J
a
b=8.7 Hz), 7.26-7.62(m, 5H, CHPh). IR(KBr, 
cm
1): 3365(w), 3335(w), 1685(s), 1610(m), 1590(w). MS(EI, m/z): 282(M+, 21), 225(100), 
210(10), 175(7), 148(37), 106(15). Elem. anal.: cale: С 72.32, Η 6.43, Ν 9.92; found: С 72.35, Η 
6.43, Ν 9.85. 
52e:(diast.II) 
m.p.: 119.5-120.5 0C. 'H-NMRtCDCl·,): δ 1.92(s broad, IH, NH), 2.68(s, 3H, NCH3), 3.84(s, 3H, 
CHPhOMe), 4.69(d, IH, NHCHPh), 5.35(d, IH, CHPhOMe, J=1.5 Hz, due to coupling with the 
C
a
-proton), 6.97 and 7.37(AB, 4H, CHPhOMe, J=8.8 Hz). IR(KBr, cm 1): 3360(s), 1690(s), 
1610(s), 1590(m). MS(EI, m/z): 282(M+, 32), 225(100), 210(16), 196(7), 175(7), 148(54), 106(17). 
Elem. anal.: cale: С 72.32, Η 6.43, Ν 9.92; found: С 72.40, Η 6.44, Ν 9.84. 
52f:(diast.I) 
•H-NMRíCDClj): δ 1.85(s, IH, NH), 2.55(s, ЗН, NCHj), 2.93 and 3.10(8 lines, AB-part of ABX, 
2H, CHCH2Ph, Jax=7.7 Hz, JbX=3.7 Hz, Jab=13.6 Hz), 3.78(s, 3H, CHPhOMe), 4.05(X-part of 
ABX, IH, CHCH2Ph, ]а%+ JbX=ll.l Hz), 4.80(d, IH, CHPhOMe, J=1.4 Hz, due to coupling with 
the C
a
-proton), 6.86 and 7.12(AB, 4H, CHPhOMe, J
a
b=8.5 Hz), 7.26(s. 5H, CHCH^Ph). IR(KBr, 
cm"
1): 3320(w), 1690(s), 1610(m). MS(EI, m/z): 296(M+, 6), 205(100), 150(17), 91(10). Elem. 
anal.: cale: С 72.95, H 6.80, Ν 9.45; found: С 72.81, Η 6.68, Ν 9.37. 
S2f:(diast.II) 
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^-NMEKCDCl·,) δ 1 82(s, IH, NH), 2 53(s, 3H, NCH,), 3 12 and 3 23(8 lines, AB-part of ABX, 
2H, Ι„=4 8 Hz, Jbx=5 1 Hz, Jab=14 0 Hz, CHCH2Ph), 3 78(s, 3H, CHPhOMe), 3 84(X-part of 
ABX, J
a x
+ Jbx=9 6 Hz, IH, CHCH2Ph), 5 06(d, IH, CHPhOMe, J=l 0 Hz, due to coupling with the 
C
a
-proton), 6 73(s, 4H, CHPhOMe), 7 24(s, 5H, CHCHjPh) IR(KBr, cm ') 3320(m), 1680(s), 
1610(m) MS(EI, m/z) 296(M+, 6), 205(100), 150(16), 91(10) Elcm anal cale С 72 95, H 6 80, 
Ν 9 45, found С 72 86. Η 6 82. Ν 9 43 
53a (one diastereomer isolated) 
m ρ 179 5-180 5 0C 'H-NMRÍCDClj) δ 1 42(d, 3H, CHCHj). 2 54(s, 3H, NCH3), 3 53(q, IH, 
CHCHj), 3 82(s, 3H, CHPhOMç. 4 87(s, IH, CHPhOMe). 5 07(s, broad, IH, NOH), 6 94 and 
7 32(AB, 4H, CHPhOMe, Jab=8 8 Hz) IR(KBr, cm ') 3330(s), 1675(s), 1610(m). 1590(w) MS(EI, 
m/z) 236(M+, 8), 218(8), 162(15), 149(100), 148(100), 128(100) Elem anal cale С 61 00, H 
6 83, Ν 11 86, found С 60 96, Η 6 83, Ν 11 66 
53d_(diast I) 
'H-NMRíCDClj) δ 0 90 and 0 94(d 2x, 6H, СНСН2СН(СНз)2), 147-2 05(m, 3H, 
СНСН2СН(СНз)2), 2 78(s, 3H, NCH3), 3 61(t, IH, СНСН2СН(СНз)2), 3 82(s, 3H, CHPhOMe), 
4 8-5 5(s broad, IH, NOH), 5 36(s, IH, CHPhOMe), 6 92 and 7 20(AB, 4H. CHPhOMe, J
ab=8 7 
Hz) IR(KBr, cm λ) 3260(m), 1675(s), 1610(m), 1585(w) MS(EI, m/z) 278(M+, 2), 221(20), 
205(15), 170(44), 149(84), 114(100) Elem anal cale С 64 73, Η 7 97, Ν 10 06, found С 64 67, 
Η 8 00, Ν 9 85 
53çL(diast Π) 
•H-NMRíCDClj) δ 0 96 and 0 99(d 2x, 6H, СН(СНз)2), 1 48-2 17(m, 3H, СНСН2СН(СНз)2), 
2 55(s, 3H, NCH3), 3 58(1, IH, СНСН2СН(СНз)2), 3 84(s, 3H, CHPhOMe), 4 88(s, IH, 
CHPhOMe), 5 02(s, IH, NOH), 6 93 and 7 30(AB, 4H, CHPhOMe, J
ab8 8 Hz) IR(KBr, cm ') 
3350(s), 1680(s), 161()(m), 1590(w) M S (EI, m/z) 278(M+, 5), 221(22), 205(15), 170(50), 149(90), 
114(100) Elem anal cale С 64 73, Η 7 97, Ν 10 06, found С 64 75, Η 7 97, Ν 10 00 
53e_(diast Π) 
m ρ 176-1770C(dec ) 'H-NMRÍCDCy δ 2 62(s, 3Η, NCH3), 3 85(s, 3H, CHPhOMe), 4 54(s, 
IH, CHPh), 5 02(s, IH, NOH), 5 ()6(s, IH, CHPhOMe), 6 98 and 7 54(AB, 4H, CHPhOMe, J
ab=8 7 
Hz), 7 31-7 54(m, 5H, CHPh) IR(KBr, cm ') 3410(4, broad), 1695(s), 1610(m), 1585(w) MS(EI, 
m/z) 298(M+, 6), 280(31), 224(18), 190(100), 149(84), 148(82) Elem anal cale С 68 44, H 
6 08, Ν 9 39, found С 68 32, Η 6 04, Ν 9 36 
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53f:(diast.II) 
m.p.: 160-161 0C. 'H-NMRÍCDC^): δ 2.5l(s, 3H. NCHj). 3.04 and 3.28(8 lines, AB-part of ABX, 
2H, :
Μ
=7.0 Hz, Jbx=4.4 Hz, Jab=13.9 Hz, CHCH2Ph), 3.80(s, 3H, CHPhOMe), 3.84(X-part of 
ABX, IH, CHCH2Ph), 4.7l(s, IH, NOH), 4.86(s, IH, CHPhOMe). 6.88 and 7.11(AB, 4H, 
CHPhOMe, J
ab=8.7 Hz), 7.26(s, 5H, CHCHjPh). IR(KBr, cm1): 3300(s, broad), 1680(s), 1610(m), 
1585(w). MS(EI, m/z): 312(M+, 2), 294(6), 221(100), 204(19), 148(30), 91(16), 85(54). Elem. 
anal: cale: С 69.21, Η 6.45, Ν 8.97; found: С 69.17, Η 6.49, Ν 8.81. 
54а: 
m.p.: 131-132 "С. 'H-NMIKCDCl·,): δ 1.25(d, 3H, CHOl·,), 2.85(d, 3H, NHCHj), 3.60(q, IH, 
CHCHj), 4.8-5.3(s broad, 2H, NHOH), 6.5-6.9(s broad), IH, NHCH3). IR(KBr, cm"1): 
3100-3500(s, broad), 1650(s), 1550(s). MS(CI, m/z): 119(M++1, 77), 103(8), 87(11), 74(17), 
60(100). Elem. anal.: cale: С 40.67. Η 8.53, Ν 23.71; found: С 40.97, Η 8.56, Ν 23.27. 
[a]D20-45.7(c 2, MeOH). 
54d: 
m.p.: 85-860C. 'H-NMRÍCDClj): δ 0.94(d, 6H, СН2СН(СНз)2), 1.29-1.84(m, ЗН, СН2СН(СНз)2), 
2.86(d, ЗН, NHCH3), 3.50(4 lines, X-part of ABX, СНСН2СН(СНз)2, Ja x+ Jbx=14.4 Hz), 3.8-5.1(s 
broad, 2H, NHOH), 6.1-6.6(broad, IH, NHCH3). IR(KBr, cm"1): 3340(s), 3250(s), 3130(s), 
1660(s), 1560(s). Elem. anal.: cale: С 52.48, Η 10.07, Ν 17.48; found: С 52.55, Η 10.00, Ν 17.14. 
[a] D 2 0 -28.0(c 2, CHCI3). 
54c: 
'H-NMRtCDC^): δ 2.83(d, 3H, NHCH3), 4.2-5.0(broad, 2H, NHOH), 4.62(s, IH, CHPh), 
6.4-6.7(broad. IH, NHCH3), 7.35(s, 5H, CHPh)· 
54f: 
m.p.: 151-152.5 0C. 'H-NMRÍCDClj): δ 2.36-3.93(s broad, 2H, NHOH), 2.81 and 3.12(8 lines, 
AB-part of ABX, 2H, ;
ω
=9.7 Hz, Jbx=4.9 Hz, Jab=13.9 Hz. CHCI^Ph). 2.84(d, 3H, NHCH3), 
3.67(4 lines, X-part of ABX. IH, J
a x
+ Jbx=14.5 Hz, CHCH2Ph), 6.2-6.6(s broad, IH, NHCH3), 
7.27(s, 5H, СНСНгРЬ). IR(KBr, cm 1): 3390(s), 3220(s), 1645(s), 1550(s). Elem. anal.: cale: С 
61.84, Η 7.27, Ν 14.42; found: С 61.78, Η 7.27, Ν 14.35. [a] D 2 0 +6.6(c 2, MeOH). 
[оОнвЭбз^+ЗО.б^ 2. MeOH). 
56d: 
^-NMRÍCDCls): δ 0.96 and 0.98(d 2x, 6H, СН2СН(СНз)2), 2.00-2.71 (m, ЗН, СН2СН(СНз)2), 
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2.91(s, 3H, NCHj), 3.83(s, 3H, CHPhOMe), 5.70(s, IH, CHPhOMe), 6.97 and 7.24(AB, 4H, 
CHPhOMe, J
ab=8.6 Hz). MS(EI, m/z): 276(14, M+), 259(88), 148(100), 135(84), 121(17). 
58: 
•H-NMRiCDC^): δ 1.28, 1.55, 1.58 and 1.73(s 4x, 12H, SC(CH3)2 and NC(CH3)2), 3.82(s, 3H, 
OMe), 4.54 and 4.67(s 2x, 2H, NCHPh and NCHCOOMe), 4.73(s 2x, 2H, NCHCHSO), 7.40(s, 5H, 
Ph). IR(KBr, cm"1): 3600-3200(w)) 1795(s), 1745(s), 1690(s), 1055(s). MS(EI, m/z): 419(M+, 8), 
147(68), 86(100), 84(100), 49(67). 
60: 
^-NMRiCDClj): δ 2.39-3.33(m, 6H, CH2CH2CN, NH, OH). 3.33-3.97(m, ЗН, СНСНгОН), 
3.77(s, ЗН, OCH3). IR(neat, cm'1): 3100-3700(s), 2950(w), 2880(w), 2250(m), 1730(s). MS(CI, 
m/z): 173(M++1, 100), 155(8), 132(63), 113(30). 
HCl salt(60.HCl): 'H-NMRfCDjOD): δ 3.04(t, 2H, NCH2CH2CN), 3.5 l(t, 2H, NCH2CH2CN), 
3.92(s, 3H, OCH3), 4.05-4.17(two lines, 2H, AB-part of ABX system, CH2OH), 4.23-4.37(3 lines, 
IH, X-part of ABX system, CJÌNH). 
61: 
'H-NMRfCDClj): δ 1.32(d, 3H, CHCH3), 2.37-2.75 and 2.80-3.18(m 2x, 4H, CH2CH2CN), 
3.28-4.78(m, 4H, CHCH20 and CHCH3), 3.71(s, 3H, OMe). IR(neat. cm"1): 2920-3040(m), 
2800-2920(m), 2250(m), 1732(s). MS(CI, m/z): 199(M++1,100), 158(75), 155(50), 139(34). 
63: 
•H-NMRiCDC^): δ 1.48(d, ЗН. OCHCH3), 2.53(t, 2H, NCH2CH2CN), 3.03-3.6l(m, 2H, 
NCH2CH2CN), 3.61-4.10(m, 3H, CHCH20), 3.77(s, 3H, OCH3), 6.45(q, IH, OCHCH3), 7.19-7.65 
and 7.82-8.09(m 2x. 4H, OCOPhCI). IR(neat, cm1): 3200-3700(s). 3070(m). 3000(m), 2955(m), 
2255(m), 1725(s), 1575(m), 725(s). MS(CI, m/z): 371(M++1, 21). 309(10), 215(100), 171(24), 
141(25). 
67i(free ester) 
'H-NMRtCDClj): δ 1.6-2.4(m, 4H, CHCH2CH2CH2N), 2.7-3.6(m, 3H, CHCH2CH2CH2N), 3.71(s, 
3H, OCH3), 7.89(s, IH, NOH). IR(neat, cm1): 3100-3600(s), 2950(m), 1735(s). MS(EI, m/z): 
145(M+, 4). 86(100), 70(12). 
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CHAPTER FIVE 
ΕΝΖΥΜΑΉΟ RESOLUTION OF RACEMIC N-HYDROXY-u-AMINO ACID DERIVATIVES 
5.1 Introduction: 
The use of enzymes or whole-cell systems has become more and more popular in organic 
chemistry1·2. From about 2000 enzymes known today, several hundred are commercially available. 
Using enzymes in organic reactions can have advantages because of the usually mild reaction 
conditions. Of particular interest is also the formation of homochiral products as a consequence of 
the ability of enzymes to discriminate between enantiomers of a racemate or to distinguish 
enantiotopic groups and faces of prochiral molecules. Moreover, enzymes are active in catalytic 
amounts. So, they provide us in general with a relatively cheap source of homochirality, since the 
employment of a classical separation of a mixture of diastereomers, derived from a racemate and 
an optically pure auxilliary, requires at least one equivalent of the chiral auxilliary. 
The number of reactions occurring in living systems and catalyzed by enzymes is enormous. 
Nevertheless, it is possible to divide the enzymes, according to the type of reaction they are 
catalyzing3, into a limited number of classes which is well recognizable for the organic chemist and 
which is listed below. 
a) Oxidoreductases(oxidation-reduction reactions), 
b) Transferases(transfer reactions of groups), 
c) Hydrolases(hydrolysis reactions), 
d) Lyases(addilion reactions to double bonds, formation of double bonds), 
e) Isomcrases(e.g. racemization, cis/trans isomerization), 
f) Ligases(C-X (X=C,N,0,S) bond-formation reactions). 
The major part of enzyme-mediated reactions employed nowadays in organic synthesis falls 
into the classes a) and c). An example which belongs to class a) is the oxidoreductase present in 
yeast: whole yeast cells are used in the reaction which converts prochiral ketones 1 into 
homochiral secundary alcohols4 2 (scheme 1 ). 
Y Yeast 
scheme 1 
84 Chapter 5 
An example from the class of hydrolases(class c) is the resolution of racemic esters. 
Hydrolytic enzymes can distinguish the enantiomers of a racemic ester 3, yielding a mixture of the 
optically active ester 4 and the acid 5 which, in general, can easily be separated. Numerous 
racemates have been resolved in this way5(scheme 2). 
о R R , 
OR OR OH 
3 4 5 
scheme 2 
Mechanism 
Enzymatic reactions start with the formation of an enzyme-substrate(ES) complex6, which is 
transformed into an enzyme-product(EP) complex. The latter step is the actual reaction. The next 
step is the désintégration of the EP complex, yielding the product(P) and the recycled enzyme 
E(scheme 3). 
E + S ^ E S ^ E P ^ E + P 
scheme 3 
In general, the enzyme decreases the energy of activation of the actual conversion S 5=* Ρ and 
allows the reaction to proceed at relatively low temperature. To present a more detailed picture of 
the mechanism according to which an enzyme works, the mechanism postulated for the protease 
chymotrypsine7 (a hydrolase) is given in scheme 4. 
The co-operation of the three amino acid residues asparagine, histidine and serine, the 
so-called "charge-relay" system, makes it possible to hydrolyze the substrate without the generation 
of highly charged intermediates which would be energetically unfavourable. Hence, the energy of 
activation for the conversion of the enzyme-substrate into the enzyme-product complex will be 
lower than the energy of activation needed for the uncatalyzed reaction. 
enzyme 
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scheme 4 
In this chapter our attempts are descnbed to apply such potentials of enzymes to the 
resolution of N-hydroxy-a-amino acid derivatives, evidently uncommon substrates of the relevant 
enzymes. The enzyme of choice for such a purpose should have a broad substrate specifity and a 
86 Chapter 5 
narrow stereospecificity. In order to select the best enzyme for this purpose several racemic 
N-hydroxy-a-amino acid derivativcs(vide infra) were subjected to various enzyme-mediated 
reactions. 
Bearing in mind the different types of enzymes listed in the introduction, the following 
possible reactions were studied(see scheme 5). 
R,-N 
OR. 
H hydrolase 
OR' ' R.N 
1
 I 
OR. 
OR' 
+ R, N 
O R 
Ο Π 
O R 
AN>> AA>
m
 * A^v" 
OR " hydrolase ' || OR. " 
U H
' ο
 ο η
ι η ' О 
Ν 
I 
OR 
OR' 
oxido reductase 
Η 
OR' 
H - N ' 
I 
OR, О 
scheme 5 
Entry 0 concerns the resolution of a racemic N-hydroxy-amino acid ester by a hydrolase, 
yielding an ester and an acid of opposite chirality. The second entry ίί) is the enantiosclective 
formation of N-phenyl amides from a racemic N-hydroxy-amino acid derivative, again by a 
hydrolase. The last entry iii) gives the desired product starting from an a-hydroximino ester 
derivative employing an oxidoreductase. 
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5.2 RESULTS 
Enzymatic resolution ofracemic N-benzyloxy-u-amino acid 
ethyl esters by hydrolases 
Racemic N-benzyloxy-a-amino acid ethyl esters (R/S)-6a-à were subjected to various 
hydrolytic enzymes(scheme 6). The O-protected substrates 6 were chosen as free N-hydroxy amino 
acids are unstable under the conditions employed during enzymatic hydrolysis8. This should not be 
considered as a limitation as it has been shown that the N-benzyloxy group is most valuable in the 
handling and subsequent application of N-hydroxy amino acids, e.g. in the preparation of peptides. 
Moreover, the benzyl group can easily be removed by reduction when the N-atom is acylated. 
И R R 
и N^O' ^ 9 J O J O 
PhCH20 O PhCHjO O PhCH20 Ο 
(R/S)-6a-d (R)-6a-d (S)-7a-d 
a R=Me, b R-Et, с R-1-Рг, d R-CH2Ph 
scheme 6 
To identify the appropriate enzyme for a given substrate, 19 different hydrolases or crude 
preparations thereof were assayed. A simple measure of the activity of a hydrolase towards a 
certain substrate is the decrease of the pH in a fixed time-interval, a decrease which is caused by 
the liberation of the acid. However, even at substrate concentrations of about 0.1 M the acid causes 
a relatively low H+ concentration because of its large pK
a
 value. Therefore, it is necessary to start 
at pH-values of about 8, so that small changes in the H+-concentration can be observed. 
Even then, one cannot always rely on the degree of the pH decrease. Although hydrolysis 
took place in experiments with N-benzyloxyphenylalanine ethyl ester 6d, only a small drop of the 
pH-value was observed. It was established that this was due to the limited solubility of the free acid 
in the medium used; the acid crystallized during the enzymatic hydrolysis. 
In table 1 the results of this screening are given. 
The most notable pH decreases have been marked with an arterisk. Of all hydrolases studied 
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Table 1. Screening of racemates 6a-d with various enzymes 
substrate-» 6a 6b 6c 6d 
enzyme2 
1 
2 
3 
4 
5 
6 
7 
8 
9 
10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
pH after 18 h b 
4.2 
4.5 
4.8 
3.8 
4.8 
5.3 
3.6* 
3.6* 
3.3* 
4.8 
3.5* 
4.4 
5.7 
3.4* 
6.1 
4.9 
4.6 
4.2 
6.9 
4.4 
5.0 
5.1 
4.3 
5.0 
6.0 
4.2 
3.9 
3.6' 
5.3 
3.9 
4.7 
6.4 
3.9 
6.5 
6.2 
6.2 
5.7 
7.0 
5.7 
6.5 
6.1 
6.9 
5.4 
6.0 
6.8 
6.0 
4.2 
6.3 
5.0 
5.5 
6.3 
4.6 
6.3 
6.2 
6.8 
6.9 
7.2 
5.4 
5.8 
6.0 
5.7 
4.9 
5.9 
5.3 
5.1 
4.3 
5.7 
4.9 
5.2 
6.2 
4.7 
6.3 
6.3 
5.5 
5.5 
7.0 
a): for the names of the enzymes sec the experimental part(5.3). 
b): the pH values at the onset are about 8; for the exact values see the 
experimental part(5.3). 
the enzyme 9(lipase8a SP 225) is the most active one. In the case of 6a the enzymes 7,8,11 and 14 
display also considerable activity. A remarkable trend is that an increase of the size of R(see 
scheme 6) is accompanied by a decrease in the rate of hydrolysis exerted by most of the enzymes. 
From this screening no information about the enantioselectivity of the enzymes can be 
obtained. Therefore, some of the more successful enzyme/substrate combinations were studied on a 
larger scale after which the optical purity of the respective acid and ester was determined. The 
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combination ба/lipase SP 225(enzyme 9) was investigated as follows: in the various mcdia(see 
table 2) the pH was kept constant by titration with NaOH. It was tried to improve the optical purity 
by lowering the temperature or addition of solvents like acetonitrile and DMSO. 
Table 2. Resolution of N-benzyloxy-alanine ethyl ester 6a by lipase SP 225. 
ester acid 
entry 
¿i 
ili 
¿ν 
ν 
«h) 
5 
5 
27e 
5 
4 
су. 
39 
36 
38 
44 
33 
% o.y. 
58 
55 
52 
49 
64 
су. 
60 
52 
26 
„ d 
„ e 
% o.y. 
40 
~(56)b 
27 
--
-
%Ha 
59 
--
66 
~ 
~ 
medium 
н2о 
A 
A.80C 
A, 10%MeCN 
A, 10% DMSO 
i)-v): pH=6.5. During the titration 0.5 eqs of NaOH was added. A=0.01 M СаСІ2. 
a): degree of hydrolysis, calculated from the optical yields(o.y.
eslei/(o.y.ester-i- o.yacid), 
see reference 18. b ): After crystallization from EtOAc/hcxane the acid was chemically 
pure. c ): after 8 hrs an additional amount of enzyme was added. d ): the acid was 
strongly contaminated. c ): could not be isolated by column chromatography. 
Unfortunately, the rapid hydrolysis(t=5 h) of 6a by lipase SP 225 is accompanied by a low 
enantioselectivity(table 2, entry ι' and ii). Lowering of the temperature(table 2, entry iii) did not 
result in higher optical yields and, as expected, slowed down the rate of hydrolysis. Whereas 
lipases are known to operate in two phase systems, addition of MeCN(table 2, entry iv) did not 
improve the optical yields substantially. Also, the addition of a solvent like DMSO(table 2, entry v) 
did not enlarge the optical yields to a satisfactory extent. Though many other parameters can be 
varied in attempts to ameliorate the enantioselectivity, it was decided to abandon the lipases and to 
study the enzyme maxatase(a peptidase). 
Indeed, application of this less active enzyme(entry 1 in table 1) to the hydrolysis mixture of 
6a gave acceptable optical yields (table 3). 
Dependent on the degree of hydrolysis, the ester or acid can be obtained in optical yields of 
90 and 82%, respectively. Using titration(entry i) or a buffer(entry ii-iv) in order to maintain the 
90 Chapter 5 
Table 3. Resolution of N-benzyloxy-alanine ethyl ester 6a by maxatase 
ester acid 
entry 
i 
a 
Hi 
iv 
t(h) 
17 
72 
72 
70 
c.y. 
38 
67 
36 
54 
% o.y. 
76 
40 
90 
60 
c.y. 
9 
12 
51 
16 
% o.y. 
82 
81 
56 
75 
%Ha 
48 
33 
62 
44 
medium 
A 
В 
В 
В, 10% MeCN 
A: pH 6.5, titration by NaOH. B: pH 8.0,0.25 M Tris-HCl, 0.05 M CaCl2. 
"): conversion calculated from the optical yields^.y.^^o.y.^^+o.y.^, see 
reference 18. 
pH-value resulted in similar values of the optical yield. When MeCN was used, the chemical yield 
of the acid varied considerably as a result of the formation of an emulsion of the organic and 
aqueous phase. In conclusion, the use of maxatase instead of lipase SP 225 increases the 
enantioselectivity of the enzymatic hydrolysis considerably. 
The results of the enzymatic resolution of the a-ethylglycine derivative 6b are depicted in 
table 4. 
Though no specific rotations are known of the optically pure ester (Л)-6Ь and of the acid 
(5)-7b, it seems reasonable to accept that the optical yields of these compounds are comparable to 
those obtained by the -lipase SP225- mediated resolutions of 6a(table 2) and 6d(64 to 73%, table 5, 
vide infra). Probably, like in the case of 6a, the optical yields can be raised by applying maxatase. 
When the side-chain R(scheme 6) is changed from an ethyl(6b)- into an i-propyl(6c) group 
the reaction rate decreases. According to table 1 the most active enzyme appeared to be lipase SP 
225; though after 60 hours only 7% of 7c had been formed. Evidently, steric hindrance of the 
¿-propyl group slows down the hydrolysis rate. Maxatase(l) and esterase(4) were not capable of 
digesting the substrate 6c to any extent. No further attempts were made. 
Finally, the enzymatic resolution of N-benzyloxy-phenylalanine ethyl ester 6d was studied by 
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Table 4. Resolution of N-benzyloxy-a-ethylglyrine ethyl ester 6b by lipase SP 225. 
ester acid 
entry t(h) c.y.(%) [alo2 0 c.y.(%) [a] D 2 0 medium 
i 6.5 51 +26.3 37 -22.6 A 
ii 72 36 +34.4 55 -14.5 A 
A: pH 8.0,0.25 M Tris.HCl, 0.05 M СаС12. 
using lipase SP 225. Initially, it seemed that hydrolysis took place only very slowly since, like in 
the case of 6c, only a very small decrease of the pH was observed in the phase I screening. 
However, a white precipitate had formed which appeared to be the acid 7d. So, hydrolysis did 
occur but because of the precipitation of the acid this could not be monitored by measuring the 
pH(tabIe 1). 
The results of this resolution are shown in table 5. 
Table 5. Resolution of N-benzyloxy-phenylalanine ethyl ester 6d by lipase SP 225. 
ester acid 
entry t(h) c.y. % o.y. c.y. % o.y. %Ha medium 
24 41 59 33 62 49 A 
18 66 38 35 73 34 В 
18 44 73 37 63 54 В 
A: pH 6.5, 0.01 M СаС12. В: pH 8.0, 0.25 M Tris-HCl, 0.05 M СаС12. 
a): conversion calculated from the optical yieldsio.y.este/o.y.gs^r+o.y.^d), see 
reference 18. 
With this substrate, the enzyme lipase SP 225 works more enantioselective than with 
substrate 6a, but the optical yields of the ester 6d and acid 7d are still not appreciable. However, 
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the optical yield of 7d could be raised from 63% to 90% by crystallization from MeOH/fyO with a 
recovery of 71%. 
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Attempted asymmetric synthesis of anilides from N-hydroxy-a-amino acid derivarives 
by the action of papain. 
Papain is a hydrolase and is mostly known from its hydrolytic activity towards ester and 
peptide bonds. However, for quite a number of years it is known that papain, like some other 
hydrolytic enzymes, is also able to form amino acid amides 10 from the corresponding amino acids 
8 and an amine9 9(scheme 7). This reaction leads to an equilibrium and in aqueous media it will be 
shifted to the side of the hydrolysis products 8 and 9. 
0
 η 
Λ
enzyme 
+ HoN+R' • X X + H20 
и 0 -
 3
 -< R NHR' 2 
8 9 10 11 
scheme 7 
Nevertheless, this principle has been used in resolving racemic mixtures of N-acylated amino 
acids9 12 using the following principle(scheme 8). One of the enantiomers is coupled with an 
amine like aniline, Phenylhydrazine or benzoylhydrazine, yielding the corresponding amide 13. 
The reason why the equilibrium is shifted now towards the amide side is that the conditions 
selected are such that the amides formed are poorly soluble, especially in acidic or neutral aqueous 
media, as a result of which they precipitate(scheme 8). 
One of the conditions which has to be met is that the amino function in the substrate is 
acylated. When the N-acyl group is omitted, no reaction takes place. To apply this principle to the 
asymmetric synthesis of N-hydroxy-a-amino acid -N'-phenyl amides, compound 18 was 
synthesized as a potential substralc(schcmc 9). As compare to 12 this compound carries an 
N-hydroxy group in addition to the N-acyl group. 
Hydroxamic acid 18 was treated with a solution containing papain and aniline and a small 
amount of cysteine to prevent the formation of disulfide bridges in the papain. Even after two 
weeks, the amide could not be detected. Apparently, the hydroxamic acid moiety of 18 is unsuitcd 
for the desired conversion by its steric and/or electronic properties. Subsequently, the O-protected 
hydroxamic acid 17 was incubated with papain, but again no anilide formation was observed. From 
these observations one might conclude that the amide hydrogen atom of compound 12(scheme 8) is 
of crucial importance to the papain-mediated reaction. In a last attempt, N-benzyloxy-alanine 16 
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о R 
* • ^ ^ ^ ^NHPh 
FT ^ N ^ > < ^ 
" О 
(S)-13 precipitate 
O R 
H " 
о 
(R)-12 
scheme 8 
containing a hydrogen atom on the nitrogen atom but no acyl group, was subjected to resolution by 
papain, but again no corresponding anilide could be detected. 
These failures can be rationalized as follows: the resolution of amino acid derivatives by the 
combination papain/aniline requires the presence of a secundary amide function. Probably the 
presence of a hydroxy- or benzyloxy group affects the electronic structure of the amide function 
unfavourably. Although steric factors can not be excluded to rationalize this failure, they probably 
do not play a decisive role as not only the acetyl and the benzoyl10* but even the Boc10b group are 
allowed as N-protecting groups in substrate 12(scheme 8). 
Attempted enantioselective reduction of а-ЬепЫохітіпоргоріопіс acid ethyl ester by 
yeast. 
The third entry in scheme 5 describes the possibility of enzymatic reduction of oximes or 
benzyloximino derivatives to the corresponding N-hydroxy compounds. Though several examples 
have been published dealing with this reduction in a chemical way10c, no examples describing the 
enzymatic reduction of a C=N-0 moiety could be found. In contrast, the enzymatic, 
enantioselective reduction of ketones by micro organisms is well documented4; for almost any 
о R 
papains 
PhNH,* 
н
 О 
(R/S)-12 
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-он 
14 
-OH 
OCHjPh
 0 
15 
NaBH,CN 
18 
16 ACCI pyridine 
Π HJPd-C 
OH " 0CH3Ph л 
17 
scheme 9 
ketone a micro organism(mostly yeasts) is available to perform the reduction to yield an optically 
active secundary alcohol(scheme 1). One of the major differences between the approach under 
consideration and the resolutions described above is that now achiral starting material is converted 
into a chiral product. Consequently, the chemical yield of a single enantiomer can now exceed 
50%. 
The conversion we studied was the reduction of α-benzyloximino ester 19 to the desired 
product 20 by employing Baker's yeast. The reaction is depicted in scheme 10. 
Even after 24 hours no trace of 20 could be detected, only the starting material being present 
in the rection mixture. 
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Ph 
^ к 
Baker's yeast 
Ph 
OEt OEt 
19 20 
scheme 10 
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Conclusions: 
A facile method for assaying ester hydrolysis of the substrates 6a-c by the enzymes listed in 
table 1 is monitoring the pH decrease of the reaction medium. However, this method fails when the 
acid formed crystallizes as was observed with substrate 6d. For the substrates 6a-d the most active 
enzyme preparation appeared to be lipase SP 225(table 1, entry 9); unfortunately its enantio-
selectivity is too low to be of practical value. The highest optical yields(90%) were achieved with 
substrate 6a by employment of maxatase and with substrate 6d by employment of lipase SP 225 
combined with a crystallization. The hydrolyzing ability of the 19 enzyme preparations towards 
substrate 6c is too low to be of practical value. This might be attributed to the bulkyness of the 
isopropyl side chain, making 6c a poor substrate. 
Compounds 17 and 18 are not suitable to be coupled (enantioselectively) to aniline with the 
aid of papain; apparently the hydroxamic acid moiety in these derivatives differs too much from the 
amide(or urethane11) function in compound 12. 0-Alkylation(16) did not resolve this problem. 
O-benzyl-a-hydroximino propanoic acid ethyl ester 19 cannot be reduced enzymatically by 
Baker's yeast to the corresponding N-benzyloxyalanine derivative 20. 
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5.3 Experimental part: 
Optical rotations were taken on a Perkin Elmer 241 Polarimeter. pH- values were measured using a 
CHEMTRIX type 60A pH meter. 
The enzymes and crude enzyme preparations used for the resolutions are: 
1: maxatase(Gist-Brocades); 2: maxacal(Gist-Brocades); 3: amylase(Gist-Brocades); 4: 
esterasc(Gist-Brocades); 5: a-chymotrypsine(type II, Sigma); 6: papain(type II, Sigma); 7: 
lipase(type VII Cand. Cylindracea, Sigma); 8: lipase(Rhizopus sp.. Serva); 9: lipase SP 225, 
NOVO); 10: protease(lype XIV Streptomyces griseus, Sigma); 11: lipase(palatase, NOVO); 12: 
protease(alcalase, type В 2,5 L, NOVO); 13: pepsin(porcine gastric mucosa, Merck); 14: 
peptidase(hog intestinal mucosa, Sigma); 15: trypsin(bovine, Merck); 16: chymopapain(Sigma); 
17: lipase(type II porcine pancreas, Sigma); 18: lipase(hog pancreas, FLUKA); 19: leucineamino-
peptidasc(porcine kidney, Merck). 
Syntheses of the compounds (fl.S)-6a-d 
The racemic N-benzyloxy-amino acid esters were synthesized according to the procedure described 
in reference 12. 
Screening of substrates (K.S)-6a-d with enzymes 1-19 
For each substrate/enzyme combination, 25 mg of substrate and 1 ml of enzyme solution were 
mixed in a test tube and gently shaken for 18 h. The following enzyme solutions(in water) were 
used: 
enzyme 
1 
2 
3 
4 
5 
6 
7 
8 
9 
10 
11 
12 
13 
14 
15 
16 
17 
18 
concentration(mg/ml Η,Ο) 
6.6 
7.6 
7.7 
7.8 
4.6 
9.1a 
5.6 
5.8 
86" 
4.9 
86b 
123b 
5.1 
4.0 
5.3 
5.6C 
11.0 
10.0 
starting ρ 
8.5 
8.0 
7.7 
8.4 
8.0 
7.4 
7.6 
7.6 
7.6 
8.0 
7.7 
8.0 
8.0 
8.4 
8.2 
7.5 
8.1 
8.2 
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19 29b 8.3 
а): together with 9.2 mg/ml cystein. b): the crude enzyme preparation is a solution.c): together with 
6.2 mg/ml cystein. 
Specific rotations of optically pure esters and acids 
Optically pure (R)-6a: [a]D20+51.7(c l.S.CHCl·,)13. 
Optically pure (S)-7a: [a]D20-40.6(c 0.8, EtOH). 
The latter value was determined as follows: an optically impure acid sample having [a]D20-30.6o(c 
0.8, EtOH) was esterified with С Н ^ Л ^ О . The product was purified by column chromatography( 
silicagel H60 Merck, EtOAc/hexane 1/10) to yield the optically impure methyl ester of (5)-7a 
having [a]D20-39.7o(c 1.1, CHClj). The optically pure methyl ester14 of (/?)-7a displays an 
[a]D20+52.7o(c 1.0, CHC13). So, the optical purity of the acid sample amounts to -39.7/52.7=75.3%. 
This implies that the specific rotation of optically pure (5)-7a is -30.6/0.753=-40.6o.(see ref. 15). 
Optically pure (R)-6d: [a]D20+17.80(l.l, CHCI3) 
This value was determined as follows: an optically impure sample of ester (R)-6d having 
[a]D20+8.9o(c 1.1, CHCI3) was refluxed in MeOH//?-TosOH(catalytic amount) for two days, 
yielding after purification by column chromatography(silicagel H60 Merck, eluenl EtOAc/hexane 
1/10) the optically impure methyl ester of (R)-7d having [a]D20+9.4o(c 1.3, CHCI3). The optically 
pure methyl ester13 of (R)-7d displays [ а І ^ + І в Л ^ с 1.0, СНСЦ). So the optical purity of the ester 
sample amounts to +9.4/+18.7=50%. This implies that the specific rotation of optically pure (Ä)-6d 
is +8.9/0.50=17.8°. 
Optically pure (S)-7d: [alD20-15.70(c 0.4, EtOH). 
This value was determined as follows: an optically impure sample of acid (5)-7d having 
[a]D20-14.2o(c 0.4, EtOH) was esterified with CH2N2/Et20. Purification by column 
chromatography(silicagel H60 Merck, EtOAc/hexane 1/10) yielded the optically impure methyl 
ester of (5)-7d: [a]D20-17.1o(c 0.9, CHCI3). The optically pure methyl ester13 of (/?)-7d displays 
[a]D20+18.9o(c 1.0, CHCI3). So the optical purity of the acid sample amounts to 
|-17.1/+18.9|=90.5%. This implies that the specific rotation of optically pure (5)-7d to be 
-14.2/0.905=-15.7o(seeref. 16). 
Determination of the enantioselectivitv of enzyme 9(lipase SP 225)in combination with substrate 
(fl.S)-6a. 
280 mg(1.3 mmol) of (R,S)-6a was emulsified with 10 ml of a 0.01 M CaClj solution. Then 170 mg 
of lipase SP 225(the enzyme preparation is a solution) were added. Entries iv) and v) contained 
10% of CH3CN and DMSO, respectively. The acid which emerged during the hydrolysis was 
100 Chapter 5 
titrated with 0.10 N NaOH to maintain pH 6.5; λ equivalenls(v/í/í infra) of NaOH were added. 
After the time given in table 2 the reaction mixture was worked up as follows: the pH was adjusted 
to 7, then the ester was extracted with CHjC^. Subsequently the aqueous fraction is acidified to pH 
2, saturated with NaCl and exlracted with EtOAc. Both organic layers were dried with Na2S04 and 
subsequently the solvents were evaporated. The residues were dried for 3 hours in vacuo. 
Only in the case of entry v) this procedure could not be used because of the presence of DMSO. 
The reaction mixture was chromatographed(silicagel H60, Merck, EtOAc/hexane 1/10). When the 
ester had left the column the eluent was changed to EtOAc/hexane 10/1, but the acid could not be 
isolated. 
entry 
λ 
ester[a]D20 
с (CHClj) 
acid[a]D20 
с (ElOH) 
0.55 
+30.2 
1.3 
-16.4 
1.6 
и 
0.50 
+28.6 
1.1 
__а 
fff 
0.50 
+26.7 
1.1 
-10.9 
1.1 
ÍV 
0.50 
+25.1 
1.1 
-
ν 
0.50 
+33.1 
1.0 
-
а): The acid isolated after extraction was not pure; crystallization from EtOAc/hexane yielded the 
chemically pure acid having [a] D 2 0 -22.80(c 1.1, EtOH). 
Determination of the enantioselectivity of enzyme l(maxatase) in combination with substrate 
(R.S)-6a. 
Each entry contained 300 mg of substrate (Я,5)-6а and 40 mg of maxatase in 10 ml of medium. 
For entry /) the medium was water. The acid which emerged during the hydrolysis was titrated with 
0.10 N NaOH to maintain pH 6.5(0.50 equivalent NaOH was added). 
For entries ii")-i'v) the medium was a buffer consisting of 0.25 M Tris-HCl, 0.05 M CaCl2, pH 8. 
For entry /ν) 9 ml of the bufl'er(see entries //)-///)) and 1 ml of CH3CN were used as the medium. 
After t hrs(see table 3) the work up was similar to that in the previous experiments with lipase SP 
225/(R,S)-6a(vide supra), except for entry Hi): in that experiment the reaction mixture was 
evaporated and chromatographed(silicagel H60 Merck, first eluent EtOAc/hexane 1/10 yielding the 
ester, second eluent toluene/ethyl formate/formic acid 10/7/3 yielding the acid. 
entry i U in iv 
ester[a]D20 +39.0 +20.6 +46.7 +31.1 
с(СНСІз) 1.1 1.0 1.0 1.0 
acid[a]D20 -33.2 -31.0 -22.8 -30.6 
с (EtOH) 1.0 0.9 1.1 1.1 
Determination of the enantioselectivity of enzyme 9(lipase SP 225) in combination with substrate 
(R.S)-6b. 
Each entry contained 400 mg substrate (Ä,5)-6b and 120 mg of lipase SP 225 solution in 10 ml of 
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medium. 
For all entries the buffer 0.25 M Tris-HCl, 0.05 M CaCl2, pH 8 was used as the medium. After t 
hrs(see table 4) the reaction mixture was worked-up similarly to the work-up of the experiments 
with the combination lipase SP 225/(R,S)-6a(vide supra). 
entry i' /i 
estertctb20 +26.3 +34.4 
с(СНСІз) 1.0 1.0 
acid[a]D20 -22.6 -14.5 
c(EtOH) 1.2 1.1 
Determination of the enantioselectivity of enzyme 9(lipase SP 225) in combination with substrate 
(R,S)-6c. 
329 mg substrate (Л,5)-6с was emulsified in 10 ml of the medium. As such, the buffer 0.25 M 
Tris-HCl, 0.05 M CaCl2, pH 8 was used. 
After the usual work-up, only 7% acid and 92% ester could be isolated(t=60 hrs). 
Determination of the enantioselectivity of enzyme 9(lipase SP 225) in combination with substrate 
(fl.S)-6d. 
Each entry contained 350 mg of substrate (Ä,S)-6d and 100 mg of lipase SP 225 solution in 10 ml 
of medium. 
For entry /) 0.01 M СаСІ2 solution was used as the medium. For the remaining entries the buffer 
0.25 M Tris-HCl, 0.05 M CaCl2, pH 8 was used. 
After t hours(see table 5) the reaction mixture was worked up as follows: after the pH was adjusted 
to 9, the ester was extracted with CHC13. Subsequently the aqueous fraction was acidified to pH 
1-2 and an extraction with EtOAc was performed. Both organic layers were dried with CHClj and 
subsequently the solvents were evaporated. 
Because the first extract yielded the ester contaminated with a trace of the acid, the ester was 
chromatographcd (silicagel H60, Merck, eluent EtOAc/hexane 7/93). The second extraction 
yielded the acid which was homogeneous by TLCify 0.50, MeOH/CH2Cl2 1/9). 
и in 
+6.8 +13.0 
1.0 1.0 
-11.6 -9.9 
0.4 0.4 
The acid isolated in entry Hi) was crystallized from MeOH/H20 with a yield of 71%. The specific 
rotation amounted to -14.20(c 0.4, EtOH), which corresponds to an optical purity of 90%. 
entry i 
ester[a]D20 +10.5 
с(СНСІз) 1.1 
acidfab2 0 -9.7 
с (EtOH) 1.0 
ATTEMPTED ASYMMETRIC SYNTHESIS BY THE ACTION OF PAPAIN. 
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Papain was purchased from Sigma(type II, E.C. 3.4.22.2). 
Synthesis of N-benzyloxy-alanine 16. 
This compound was synthesized according to the procedure described in reference 19b. 
10 g(51.8 mmol) of O-benzyl-ct-hydroximino propionic acid 15(see reference 19a) were 
dissolved in a mixture of 100 ml of water and 70 ml of ethanol. The pH was adjusted to 4. Then 8 
g(127 mmol) of NaBH3CN was added in one portion. The reaction mixture was kept at pH 4. 
Another portion of 8 g of NaBI^CN was added after one day. When the starting material had been 
consumed, the reaction mixture was acidified to pH 1, and subsequently concentrated in vacuo. The 
residue was crystallized from water. 
Synthesis of N-acetyl-N-benzvloxv-alanine 17. 
5.0 g(25.6 mmol) of 16 were suspended in 100 ml of dry dichloromethane. To this suspension 
2.01 g(25.6 mmol) of acetyl chloride were added in one portion. At 0 "C, a solution of 2.02 g(25.6 
mmol) of pyridine in 25 ml of dry dichloromethane was added dropwise to the reaction mixture. 
After three hours the reaction was complete. The reaction mixture was washed with 0.1 N HCl and 
with water, after which the organic layer was dried on N32804. Filtration from the siccative 
N32804 and concentration of the filtrate in vacuo yielded 5.45 g(90%) of the product 17. 
Synthesis of N-acetyl-N-hydroxy-alsnine 18. 
1.0 g(4.2 mmol) of N-acetyl-N-benzyloxy-alanine 17 was dissolved in 40 ml of methanol and 
hydrogenated(Pd-C). After one hour the reaction was complete. Filtration of the catalyst and 
concentration of the filtrate in vacuo yielded 0.61 g(98%) of the slightly reddish hydroxsmic seid 
18. 
Attempted asymmetric synthesis of anilides derived from compounds 16,17 and 18. 
The procedure described in reference 10 was followed. 
Compound 16: 
0.25 g(1.3 mmol) of N-benzyloxy-alanine 16 together with 0.3 ml(3.3 mmol) of aniline, 50 mg of 
papain and 50 mg of cysteine were dissolved in 10 ml of 0.6 M citrate buffer(pH 5). The reaction 
mixture was stirred at room temperature. After eight days some precipitate was visible but this was 
not the desired anilide as was shown by comparison with an authentic ssmple. 
Compound 17: 
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Several buffer concentrations were employed: 
a): 0.5 g(2.1 mmol) of N-acetyl-N-benzyloxy-alanine 17, 0.25 ml(2.75 mmol) of aniline, 0.25 g of 
papain, 0.13 g cysteine were dissolved in 15 ml of water and stirred at 38 0C. 
b): 0.5 g(2.1 mmol) of N-acetyl-N-benzyloxy-alanine 17, 0.5 ml(5.5 mmol) of aniline, 60 mg of 
papain, 70 mg of cysteine were dissolved in 20 ml of 0.4 M citrate buffer(pH 5) and stirred at 38 
0C. 
c): 0.5 g(2.1 mmol) of N-acetyl-N-benzyloxy-alanine 17, 0.5 ml(5.5 mmol) of aniline, 50 mg of 
papain, 70 mg of cysteine were dissolved in 20 ml of 1.0 M citrate buffer(pH 5) and stirred at 38 
oc. 
In none of the attempts a)-c) a precipitate could be observed or the desired product detected on 
TLC. 
Compound 18: 
0.22 g(1.5 mmol) of N-acetyl-N-hydroxy-alanine 18 together with 0.5 ml(5.5 mmol) of 
aniline, 53 mg of papain and 57 mg of cysteine were dissolved in 15 ml of 0.4 M citrate buffer(pH 
5). The reaction mixture was stirred at 35 0C. After two weaks still neither a precipitate was visible 
nor any product could be detected by TLC. 
ATTEMPTED REDUCTION OF 19 BY BAKER'S YEAST. 
The yeast was purchased from a local baker. 
The procedure described in reference 20 was followed. 
In a solution of 2.5 g of sugar in 60 ml of water, 4.5 g of Baker's yeast was suspended. This 
suspension was stirred for 30 minutes after which 221 mg of O-benzyl-a-hydroximino-propanoic 
acid ethyl ester 19(see reference 21) in 8 ml of ethanol were added dropwise. After this addition a 
solution of 6 g of sugar in 9 ml of water was added dropwise. After 24 hours still no product could 
be detected. 
Spectroscopic data: 
Compound 16: 
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m.p.: 120-122 0C. •H-NMRÍCDClj): δ 1.25(d, ЗН, СН3), 3.73(q, IH, СаН), 4.72(s, 2Н, 
ОСН2С6Н5), 7.33(5, 5Н, OCfyC&s). IR(KBr, cm1): 1570(m). MS(CI, m/z): 196(M++1, 10), 
107(13), 91(100), 79(17), 44(47). 
Compound 17: 
m.p.: 121-123 0C. 'H-NMRiCDClj): δ 1.55(d, 3H, CH3), 2.10(s, 3H, COCH3), 4.87(q, IH, C
a
H), 
4.87(s, 2H, OCH2C6H5), 7.30(s, 5H, OCH2C6H5), 8.7(broad, IH. COOH). IR(KBr, cm 1): 1735(m), 
1625(m). 
Compound 18: 
•H-NMRÍDjO): δ 1.42(d, ЗН, CHCH3), 2.14(s, ЗН, GOCH,), 5.06(q, IH, CHCH3). MS(CI, m/z): 
148(M++1, 100), 132(27). 106(43), 86(9). 
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Derivaten van N-hydroxy-ct-aminozuren 1 worden veelvuldig in de natuur aangetroffen(fig. 
1). Deze bijzondere aminozuren zijn onderdeel van bepaalde peptiden en andere verbindingen van 
H-N 
I 
OH 
OH 
л 
OH 
fig. 1 
natuurlijke oorsprong, welke vaak een fysiologische activiteit bezitten. Een voorbeeld van een zeer 
eenvoudige, N-hydroxy-a-aminozuur bevattende verbinding is het hadacidine 2, dat de groei van 
kwaadaardige cellen remt(fig. 1). 
Er zijn aanwijzingen dat in het metabolisme van gewone aminozuren 
N-hydroxy-a-aminozuren als intermediairen voorkomen, die dan vervolgens tot tal van andere 
verbindingen worden getransformeerd(hoofdstuk 1, schema 1). Ook is aangetoond dat de 
biosynthese van dhurrine 5 gekenmerkt wordt door de N-hydroxylering van tyrosine 3 onder 
vorming van 4(schema 1). 
H,N HON 
Ν U = glucose 
•Dhumn' 
schema 1 
Het in dit proefschrift beschreven onderzoek gaat over de synthese van 
N-hydroxy-a-aminozuur derivaten in optisch actieve vorm. Hoewel er bij de aanvang van het werk 
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dat leidde tot dit proefschrift reeds een aantal publicaties bekend waren welke de synthese van 
racemische modificaties van deze verbindingen beschreven(hoofdstuk 1), was veel minder bekend 
over de synthese van de overeenkomstige enantiomeer-zuivere preparaten. 
Drie methodes om laatstgenoemde stoffen te synthetiseren worden hier beschreven(schema 
2). 
но 
O Alk 
V 
R 
H-N' 
I 
OR, O 
NHCH, 
V.·. 
H-N 
OEt 
schema 2 
a) substitutie van optisch actieve, a-gefunctionaliseerde carbonzure esters(hoofdstuk 2), 
b) oxidatie van a-aminozuurderivaten(hoofdstuk 4) en 
c) enzymatische resolutie van racemische N-hydroxy-a-aminozuur derivaten(hoofdstuk 5). 
In hoofdstuk 3 wordt een methode beschreven om chirale a-hydroxycarbonzure esters te 
inverteren, hetgeen - via route a) - de synthese mogelijk maakt van zowel (R)- als 
(S)-N-hydroxy-a-aminozuurderivaten uitgaande van één chirale precursor. 
Waarschijnlijk is geen van de methoden in het algemeen toepasbaar. ledere route heeft zijn 
eigen beperkingen, afhankelijk van de zijketen R van het desbetreffende aminozuur. 
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